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Abstract
With water scarcity being identified as a serious challenge around the world, wastewater
recycling is paramount for effective water management. To achieve effective water reuse
while maintaining low treatment cost, process-intensification (PI) of tertiary treatment
technologies is imperative.
In this research, multilayer process-intensification approaches are investigated for effluent
water polishing. Initially, the performance of a hybrid submerged photocatalytic membrane
reactor (SPMR) was investigated. In a SPMR, both pollutant degradation and catalyst
separation (from the permeate) occur in a single modular unit.
The design was enhanced by imparting periodic shear at the membrane surface via
membrane oscillation acting as a second intensification layer. The performance of the
developed submerged photocatalytic oscillatory membrane reactor (SPOMR) was
evaluated using antipyrine as a model micropollutant (MP). Central Composite Design
(CCD) and response surface analysis were used to analyze the effect of oscillation intensity
and aeration rate on antipyrine removal and membrane flux. The optimum operating
parameters were determined using composite desirability function and were then used to
quantify the removal of three other micropollutants. Micropollutant degradation in
presence of humic acid (HA) and secondary wastewater (SW) as background matrices was
also characterized. Up to 90% MP removal was achieved in Milli-Q water and the
performance of the reactor was significantly affected in presence of HA and SW.
To further improve the system performance, a third intensification layer was implemented
using immobilized activated carbon (AC) as an additional adsorption layer in a “hybrid
adsorptive-photocatalytic oscillatory membrane reactor" design. The system performance
was assessed using diclofenac (DCF) as a model pollutant and the electrical energy per unit
order (EEO) was determined. Membrane Oscillation helped in alleviating fouling and
increasing the photocatalytic efficiency of the system and using AC as an additional
adsorption layer nearly doubled the DCF removal rate. However, the performance of the
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system declined over time mainly due to exhaustion of AC and decrease in TiO2
photocatalytic efficiency.
In addition, a mathematical model was developed to understand the forces acting on the
catalyst particles near the membrane vicinity at various aeration rates and membrane
oscillations. The model helped in predicting the operating conditions for the alleviation of
fouling at various permeate flow rates.
In conclusion, significant process intensification can be achieved using the proposed
approaches and could offer a promising potential as a final water polishing step.

Keywords
Advanced oxidation process, heterogenous photocatalysis, membrane separation,
micropollutants (MPs), oscillatory membrane, activated carbon, process-intensification,
membrane fouling, aeration
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Summary for Lay Audience
With an increase in global population and economies growing around the world, production
of chemicals is expected to increase proportionately. At present, more than 100,000
chemicals are registered in Europe and most of them get transported into water bodies
thereby polluting water resources.
Emerging contaminants namely pharmaceuticals, personal care products (PPCPs) etc. are
constantly detected in trace concentrations and their presence in water has been associated
to a numerous harmful effects on both humans and aquatic life. In order to recycle water
for various purposes, removal of these compounds is of utmost importance and an effective
technology for treatment of these emerging contaminants is proposed.
This thesis reports the performance of a novel photocatalytic oscillatory membrane reactor
for effluent water polishing. The reactor is a hybrid system employing photocatalysis and
an oscillatory membrane in a single modular unit. While photocatalysis is capable of
degrading pollutants and mineralizing them to CO2, the membrane helps in keeping the
catalyst in the system with oscillations alleviating membrane fouling. These three
processes work in tandem and synergize the overall process. Finally, an additional
(immobilized) layer of adsorbent was added to the system, further enhancing the efficiency
of the process. The results obtained indicate that up to 90 % removal of pollutant was
achieved and the performance of the system declined in presence of background organics
in water. The operational cost of the system was estimated to be 2.2-4.4 $/m3.
The technology investigated in this research is effective in removing trace contaminants
from water and hence can be used for water recycling purposes.
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Chapter 1
1 Introduction

1.1 Background and Motivation
Inadequate access to clean drinking water and sanitation is a persistent problem in many
parts of the world (Mekonnen & Hoekstra, 2016). Approximately, 13% of world’s
population lack access to safe drinking water and nearly 2.5 billion people have little or no
access to proper sanitation (Shannon et al., 2008). More than 1.5 million children die each
year due to water borne diseases (Alan, 2006).
With an increase in population and global socio-economic development, use of synthetic
chemicals has proportionally increased to meet the demands of the modern society, with
pharmaceuticals being one such class of compounds (Vörösmarty et al., 2000; Ercin and
Hoekstra, 2014; Elliot et al., 2018). Development of pharmaceuticals is a milestone in
human scientific discoveries, as they have cured millions of diseases, improved life quality
and expectancy of the people (Fent et al., 2006). However, over the years, use of
pharmaceuticals has led to their emergence as a growing environmental contaminant, also
called as micropollutants (MPs) (Li, 2014). Pharmaceuticals have been detected in every
water body around the world including surface water (lakes, estuaries etc.) (McArdell at
al., 2003; Brown et al., 2006), influent and effluent of wastewater treatment plants (Batt
et al., 2007; Guerra et al., 2014) and even polar regions (Kallenborn et al., 2008; Alonso et
al., 2017). Not only pharmaceuticals, but various chemicals used in industries (dyes,
pigments) (Vacchi et al., 2016), personal care products (PPCPs) (Terzić et al., 2008),
insecticides and pesticides (Loos et al., 2013), and heavy metals (Kumar et al., 2019)
ultimately end up in surface/ground water via point or non-point sources.
MPs persist in the environment and accumulate in the food chain which affects both
humans and aquatic life (Jepson et al., 2016). For instance, bisphenol has proven estrogenic
and hormonal activity in rats and increases the risk of cancer in humans; Exposure to high
level of phthalates (used as plasticizer in plastic) was reported to cause pregnancy
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complications (Bolong et al., 2009). Discharge of MPs in drinking water/ wastewater
effluent is still unregulated in most of the countries and hence majority of the
water/wastewater plants are not designed towards their removal (Kolpin et al., 2002; Tijani
et al., 2016). The situation is dire in developing and underdeveloped countries wherein lack
of infrastructure exacerbates the problem, hence treatment and recycling of water still
remains a persistent challenge (Koop and Leeuwen, 2017).

Figure 1.1 Treatment Technologies available to achieve desired water quality.
adapted from: Guidelines for water reuse, USEPA, 2012
In order to recycle water (Figure 1.1) and make it ‘fit for purpose’, a portfolio of tertiary
treatment technologies are available. Technologies like filtration (Khanzada et al., 2020;
Jeong et al., 2021), adsorption (Mpatani et al., 2021; Sher et al., 2021) and advanced
oxidation process (AOPs) (Krishnan et al., 2021; Ateş and Argun, 2021) have been
investigated for tertiary or advanced treatment of water. Of the several AOPs,
photocatalysis has emerged as an effective technique, which non-selectively mineralizes
MPs via in-situ generation of hydroxyl radicals (OH•) (Zhong et al., 2021; Du et al., 2020).
However, an inherent limitation to the use of photocatalysis is the separation of catalyst
from treated water, which limits the feasibility of large-scale application of the process
2

(Bouarioua and Zerdaoui, 2017). While downstream catalyst separation can be achieved
using a separate membrane or coagulation unit, this results in larger plant footprint and
higher operational costs which limit the economic feasibility of the process.
To overcome such drawback, there has been an increasing interest in combing membrane
separation and photocatalysis in a single system in form of a Submerged Photocatalytic
Membrane Reactor (SPMR). One of the main advantages of SPMRs is its modularity and
its ability to retain the catalyst within the system, therefore eliminating the need to recycle
the catalyst. This arrangement however suffers from membrane fouling due to both feed
and catalyst particles, which is a persistent reason that leads to the decline in system
efficiency over time (Li et al., 2019; Molinari et al., 2017).
This PhD thesis deals with the development and optimization of a novel Submerged
Photocatalytic Oscillatory Membrane Reactor (SPOMR) for water recycling purposes. In
contrast to the stationary membrane in SPMR, the proposed system intensifies the design
of a conventional SPMR via membrane oscillations. In SPOMR, the generation of high
shear rates at membrane surface, as a result of membrane oscillations, not only enhances
membrane flux, but also improves the photocatalytic efficiency of the system and provides
an extra degree of freedom to control the reactor residence time. Contrary to the many
studies on SPMR, the use of oscillatory membrane reactors for water treatment has been
sparsely studied in literature.

1.2 Thesis Objectives
The main objective of this research is to characterize the performance of a SPOMR under
various operating conditions (permeate flow rate, aeration rate, oscillation intensity,
background water matrices), enhance its performance by further intensifying the process
and establish a model predicting the fouling behavior of a SPOMR.
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The specific objectives of this research are to:

1.2.1 Phase 1
1) develop GC/MS methods for quantification of micropollutants in various water matrices
(Milli-Q, humic acid and secondary wastewater).
2) characterize the micropollutant removal in a SPOMR under various operating
parameters, develop empirical models using central composite design (CCD) methodology
quantifying its performance and optimize the system using multiple response optimization.
3) quantify the removal of micropollutants in a SPOMR in presence of background
organics in water (humic acid, secondary wastewater effluent) under the optimized
operating conditions.

1.2.2 Phase 2
1) further intensify the performance of SPOMR using immobilized activated carbon (AC),
analyze the adsorption behavior of MP on AC and quantify the performance of hybrid
adsorptive-photocatalytic (APC) configuration
2) identify the potential transformation pathways for the model MP.
3) determine the Electrical Energy per Unit Order (EEO) and operational cost of the process.

1.2.3 Phase 3
1) understand the particle dynamics in a Submerged Membrane Reactor (SMR) under
various aeration rates and oscillation intensities.
2) predict reactor operating conditions in order to prevent membrane fouling.
3) verify the simulation results with experimental results.
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1.3 Thesis Structure
This thesis is prepared according to the guidelines for integrated-article format stipulated
by the School of Graduate and Postdoctoral Studies (SGPS) at Western University. The
thesis is divided into 6 chapters and their description is given below.
Chapter 1 presents a general introduction to the problem, motivation for conducting this
research, the overall and the specific objectives of the research.
Chapter 2 provides a review of the various types of pollutants found in water/wastewater
and their typical concentration range. The review further provides a summary of the various
treatment technologies for MPs removal, the main mechanisms involved and a critical
analysis of the various technologies.
Chapter 3 describes the experimental setup and experimental procedures in detail. The
chapter also describes the analytical methods used to quantify micropollutants.
Chapter 4 is a research article published in the Journal of Environmental Chemical
Engineering. The study aimed at comparing the performance of a SPMR (with aeration)
and a SPOMR at various operating parameters. CCD and response surface analysis was
used to develop empirical models quantifying the performance of the SPOMR. The
empirical were optimized using multi-response optimization with a target to maximize MP
degradation and minimize flux decline. Lastly, the effect of background organics (humic
acid and secondary wastewater) on SPOMR performance was quantified.
Chapter 5 is a research article published in Separation and Purification Technology journal.
This chapter aimed at characterizing the performance of a hybrid adsorptive-photocatalytic
oscillatory membrane reactor. Diclofenac sodium salt (DCF) was used a model MP.
Initially, individual performance of AC and photocatalysis (with membrane oscillations)
was quantified and their synergy was studied. The possible DCF degradation products were
identified, and a reaction mechanism was postulated. Finally, the treatment cost of the
process was determined.
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Chapter 6 is a research article in preparation for submission. The objective was to
understand the dynamics of a fouling particle in a SMR and hence predict the operating
conditions at which membrane fouling can be prevented. This was achieved by analyzing
the various forces acting on a particle near the membrane surface in case of aeration and
membrane oscillation. The predicted results were compared with the experimental results.
Chapter 7 includes the main conclusions of the thesis, recommendations and avenues to be
explored in the future in order to make this technology commercially viable.
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Chapter 2
2 Literature Review

2.1 Introduction
2.1.1 Wastewater: Global Scenario
The world population has doubled since 1950, and comparatively, water consumption has
increased six times with industrial demand growing at an exponential rate. It is projected
that water scarcity will increase from 933 million in 2016 to ~1.6 billion by 2050 (He et
al., 2021).
In developing countries, 80-90% of wastewater is discharged directly into water bodies,
thereby polluting water bodies and endangering living species (Steduto, 2008,). In India
alone, untreated industrial wastewater accounts for 6.2 million m3/day (of the 44 million
m3/day wastewater) and only ~26% domestic and ~60% industrial wastewater are treated
(Ranade and Bhandari, 2014), whereas industrial water consumption is expected to rise
from 6% to 8.5 % by 2025 and 18% by 2050. The situation is not very different in other
parts of south-east Asia and China.
While North America is endowed with enormous freshwater resources, parts of US and
Canada including California and the whole of Southwest face regular water shortage.
Among the various methods of efficient water management options, recycling of treated
effluents for various uses is an important option, especially for irrigation, ground water
recharging, and industrial use. However, the degree of treatment can be substantially
greater depending on the ultimate use of recycled water which could translate to higher
treatment cost and larger plant footprint. This necessitates implementation of process
intensification (PI) strategies in wastewater treatment in order to make water recycling cost
effective.

11

2.1.2 Industrial Wastewater: Nature of discharged pollutants
Industrial wastewater effluent usually contains mixture of pollutants with varying degree
of toxicity and concentration (mg/L-ng/L). A list of industries and nature of pollutants
discharged by them are illustrated in Table 2.1 (Ranade and Bhandari, 2014).
Table 2.1 Major polluting industries and nature of pollutants
Major Polluting Industries

Nature of pollutant

Mining Industry

Copper, zinc, lithium oxide, carbonate, cyanide etc.

Sugar

Floor washing waste, sugar cane juice, molasses etc.

Pharmaceuticals
Dye

micropollutants, organic solvents etc.
Pigments, dyes, acid, heavy metals etc.

Pulp and Paper

Volatile aromatics, halomethanes, phthalates etc.

Secondary wastewater

Humic acids, heavy metals, micropollutants etc.

Mining

Heavy metals, calcium oxide, zinc oxide, gypsum

Paper, chemical, steel, and petroleum sectors are amongst the largest consumers of water
where water recycling is most crucial (Ranade and Bhandari, 2014). For example, the paper
industry consumes ~300 m3 of water per ton of product and generates the similar amount
of wastewater, which is nearly the same in case of petroleum industry. The high-quality
paper industry on the other hand consumes ~1000 m3 of water per ton of product, which
makes it as one of the most water intensive industry. The iron and steel industry consumes
20-60 m3 of water per ton of product, while the food industry consumes nearly around 0.620 m3 of water per ton of product. However, the food industry significantly changes the
BOD and COD level of the generated wastewater. Amongst these industries, the most
harmful wastewater is produced by the pharmaceutical, sugar, paper and mining industries
(Ranade and Bhandari, 2014).
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2.2 Micropollutants in Wastewater: Occurrence, Fate and
Effects
Due to advancement of analytical methods, micropollutants or ‘emerging contaminants’
are being detected in water in various parts of the world. Currently, variety of compounds
namely PPCPs, EDCs, pharmaceuticals, steroid hormones have been registered in Europe
(Patel et al., 2019). These pollutants enter the environment matrices through different
points and diffuse sources (Figure 2.1) and their presence has been associated with negative
effects such as endocrine disruption, carcinogenic and mutagenic effects in both humans
and aquatic animals (Fent et al., 2006; Pruden et al., 2006). Though some actions have been
taken by European commission in reducing the discharge of EDCs, there are no explicit
regulations limiting the discharge of micropollutants (European Commission). To set
regulation directives, research needs to be conducted on both long- and short- term
biological effects of these compounds (Luo et al., 2014).

Figure 2.1 Sources and pathways of micropollutants in urban water cycle
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Wide array of micropollutants in concentration range between µg-ng/L have been reported
in the influent and effluent of WWTPs. These concentrations show a temporal variation,
which is essentially due to many factors such as rate of production, water consumption,
and the size of WWTPs (Petrovic et al., 2009). Presence of micropollutants in surface water
has been directly linked to the discharge rate from WWTPs (Kasprzyk-Hordern., 2009).
Following treatment, become subjected to natural attenuation like dilution, sorption, direct
and indirect photolysis and biodegradation and hence their concentrations are typically
lower (Pal A., 2010). In comparison, ground water was found to be less contaminated than
surface water. The main reasons for contamination of ground water are infiltration from
various sources such as landfill leachate etc. (Loss et al., 2010). The presence of some
micropollutants with their respective concentrations in different parts of the world is
presented in Table 2.2.
Table 2.2 Occurrence of selected micropollutants in surface water from different
regions (Luo et al., 2014)
Compound

Concentration (ng/L)
Canada*

USA

France

Ibuprofen

0.98 (79)

0-77

0-8

-

15-214

0.3-100

Naproxen

1.0 (87)

-

0-6.4

-

-

0.3-149

Ketoprofen

-

-

0-22.0

-

-

0.5-14

Trimethoprim

-

0-9.1

0

-

-

0.5-4

Sulfamethoxazole

0.2 (284)

0-38

0-5.1

-

-

7-122

Bisphenol A

2.1 (87)

-

0

192-215

75-334

6-68

Germany

Korea

UK

* refers to median concentration and parenthesis represents maximum concentration
detected
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2.3 Micropollutant Treatment
Municipal WWTPs typically employ primary and secondary treatment to remove
particulates, nutrients, carbonaceous materials (COD or BOD). While these substances can
be removed effectively, removal of many micropollutants still remains a challenge.
Tertiary treatment processes are effective in removal of micropollutants at higher treatment
cost and are used to produce high quality water, e.g., for water reuse. The sections below
give an overview of micropollutant removal during primary, secondary and tertiary
treatment.

2.3.1 Primary Treatment
Primary treatment aims at removal of suspended solids in wastewater. Micropollutants can
be removed by sorption on primary sludge (Ternes et al., 2004). Their removal however
may vary, primarily due to the difference in their physio-chemical properties.
EDCs are moderately removed by primary treatment (sedimentation tank) in the range from
13% (nonylphenol monoethoxylate) to 43% (Bisphenol A) (Stasinakis et al, 2013).
However, primary treatment with aerated grit chamber could lead to significant increase in
phenolic compounds as original compounds attached to grit can be peeled off due to air
agitation (Luo et al., 2014). For example, removal efficiency of diclofenac and estradiol
was only 28% due to lower partition of these compounds on sludge (Behera et al., 2011).
No significant reduction was reported for compounds like ibuprofen, naproxen, and
sulfamethoxazole (Carbella et al., 2004).

2.3.2 Secondary Treatment
In secondary treatment, micropollutants undergo dilution, dispersion, biodegradation, and
partition (Jelic et al., 2011). Biodegradation and sorption are major removal mechanisms
during biological treatment (Verlicchi et al., 2012). Pharmaceuticals in some therapeutic
group showed variability in biodegradation. For example, ibuprofen and ketoprofen were
biodegraded to >75% while diclofenac showed < 25 % degradation. Antibiotics on the
other hand did not show much biodegradability (Verlicchi et al., 2012), while musk
compounds such as galaxolide and tonalide showed > 75 % biodegradation (Suarez et al.,
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2010). In contrast, Salgado et al. reported a 30 % biodegradation of the same compounds
(Salgado et al., 2012). In a study in two wastewater plants in Greece, Bisphenol A and
triclosan showed variable biodegradability between 27-99% and 87-94%, respectively
(Samaras et al., 2013). Significant research was conducted on optimizing the SRT and HRT
to enhance the removal efficiency of micropollutants (Clara et al., 2005).
Removal of micropollutants by adsorption on sludge has been widely studied. Verlicchi et
al. (2012) found that sorption on solids is insignificant (< 5%) for most pharmaceuticals
(Verlicchi et al., 2012). On the contrary, removal via sorption on solids of nonylphenol
(35% -51 %) and triclosan (11% - 41 %) was reported (Samaras et al., 2013). The
compounds with high log Kow values tend to be adsorbed on solids and are expected to be
better eliminated by activated sludge (Camacho-Munoz et al., 2012).
In WWTPs, there are instances where effluent concentration of micropollutants is higher
than influent concentration. This can be due to bioconversion of influent compounds during
biological treatment (Gobel et al., 2007). Furthermore, some pharmaceuticals are partly
trapped in feces particles that are released during biological treatment (Köck-Schulmeyer
et al., 2013).
In summary, removal of micropollutants in WWTPs varies significantly. Furthermore,
many factors like octanol-water coefficient (KOW), acid dissociation constant (pKa), and
solubility, affect the removal of these pollutants.

2.3.3 Tertiary Treatment
Advanced wastewater treatment is required to remove trace concentrations of organic
matter (micropollutants), residual total suspended solids (TSS), nutrients, heavy metals,
refractory organics, microorganism etc. to meet strict discharge regulations, for indirect
potable reuse applications (e.g., groundwater recharge) or for reuse in industrial sector
(Metcalf and Eddy., 2003). The following diagram (Figure 2.2) shows the various
treatment schemes used for advanced water treatment. In most tertiary water treatment,
membrane- based processes are used to remove residual organics and UV-disinfection for
the removal of pathogens and intensification of these technologies can be beneficial in
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reducing the cost of advanced water treatment. These technologies are discussed in detail
in the following section

Figure 2.2 Typical process flow diagram for wastewater treatment employing advanced
treatment processes with settled secondary effluent (Metcalf and Eddy., 2003).

2.3.3.1 Coagulation and Flocculation
Although coagulation and flocculation are used for the removal of colloidal particles from
water, some removal of dissolved organics during coagulation can occur due to adsorption
on the polymeric coagulants. Studies of coagulation use for micropollutants removal area
summarized in Table 2.3. In coagulation, a positively charged coagulant (usually an
aluminum or iron salt) is added to raw water and mixed in a rapid mix chamber. The
coagulant alters or destabilizes negatively charged particulate, dissolved, and colloidal
contaminants. Coagulant aid polymers and/or acid may also be added to enhance the
17

coagulation process. Turbidity and total organic carbon (TOC) are measures of particulates
and dissolved organics, respectively impacted by coagulation.
In a previous study, removal rates for compounds with Kow of 4 at pH~ 7-8 (e.g., tonalide,
octylphenol and galaxolide) ranged between 20-50 % (Asakura et al., 2009). Suarez et al.
reported significant reduction (80 %) of musks (e.g., galaxolide) during treatment of
hospital wastewater. However, diclofenac (42 %) and trimethoprim (40.3 %) were
moderately removed and compounds like bisphenol A and sulfamethoxazole were poorly
removed using FeCl3 and Al2(SO4)3 (Suarez et al., 2009; Asakura et al., 2009).
Sulfamethoxazole and sulfamethazine were moderately removed; however, no removal of
diclofenac was achieved with PACl (Nam et al., 2014). Furthermore, steroid hormones
were poorly removed according to a study conducted by Alexander et al. (Alexander et al.,
2012).
The efficiency of micropollutant removal depends on operating condition such as pH,
coagulant dose, and type. Compounds like sulfamethoxazole (pKa= 5.7) and
sulfamethazine (pKa= 2.6) exist as negatively charged ions at neutral pH and hence can be
coagulated using Al+3 ion of PACl, which shows that charge neutralization is an important
mechanism in coagulation step. In general, removal for most of the micropollutants is
below 50 % with some of them barely eliminated and is heavily dependent on process
parameters.
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Table 2.3 Removal of micropollutants using coagulation and flocculation
Coagulant

Dose of coagulant

Compound

% Removal

Ref.

Ibuprofen

12.0 ± 4.8

Naproxen

21.8 ± 10.2

Suarez
et al.,
2009

Trimethoprim

32.1 ± 10.2

Sulfamethoxazole

6.0 ± 9.5

Diclofenac

21.6 ± 19.4

Bisphenol A

20

nonylphenol

90

25 mg/L (pH=7.0)

Diazepam

12.5 ± 18.4

(hospital wastewater)

Sulfamethoxazole

0.9 ± 14.4

Tonalide

75.8 ± 11

galaxolide

76.4 ± 5.5

30 mg/L (pH=7.0)

Sulfamethoxazole

43

[36][36](

(water treatment plant)

Caffeine

16

Acetaminophen

17

Diclofenac

0

Nam et
al.,
2014m
et al., &

Sulfamethazine

52

(pH values)
FeCl3

25, 50 mg/L (pH=7.0)

(hospital wastewater)

100, 200 mg/L (pH=4.0,
7.0, 9.0)
(leachate treatment
facility)
Al2(SO4)3

PACl

19

Asakura
et al.,
2009

Suarez
et al.,
2009

Fe2(SO4)3

12.2 mg/L (pH= 6.8-7.2)

Estrone

12

(simulated water)

Estradiol

21

Ethinyl estradiol

4

Mestranol

10

Alexand
er et al.,
2012 [

2.3.3.2 GAC/PAC adsorption
Adsorption by activated carbon is commercially used to control taste and odor in drinking
water and has been widely used to treat secondary effluents. The process is more effective
in removing micropollutants than coagulation and flocculation. Adsorption of compounds
on GAC and PAC is dependent on many properties like Kow, pKa, molecular size, DOC and
NOM content in water (Choi et al., 2008). Kovalova et al. (2013) found that with a retention
time of 2 days, PAC was able to remove most of the micropollutants from the MBR treated
hospital wastewater. The overall removal was found to be ~86 % (Kovalova et al., 2013).
Hernandez-Leal et al. (2011) also demonstrated > 94% removal for most of the compounds
with initial concentration of pollutants ranging from 1000-1600 µg/L (Hernández-Leal et
al., 2011). Addition of PAC to activated sludge tank is one of the main applications for a
full scale WWTP. According to a study by Boehler et al. (2012), the use of PAC in
secondary treatment process was able to remove micropollutants by 10-50 %. Elimination
of micropollutants by PAC also depends on PAC dose and contact time and wastewater
composition as well (Boehler et al., 2012). Westerhoff et al. (2005) revealed that
micropollutant removal was improved with higher PAC dosages, and was independent of
the initial concentration of compounds after a certain PAC dosing, which agrees with the
results obtained by Kovalova et. al (2013) (Westerhoff et al., 2005; Kovalova et al., 2013).
Rossner et al. (2009) suggested that GAC dosage of 10 mg/L typically applied was good
to remove taste and odor in drinking water with 2-log removal obtained for most of the
compounds (Rossner et al., 2009). In another study by Grover et al. (2011), a GAC plant
in WWTP was assessed for its removal efficiency of steroids and pharmaceuticals. Some
compounds like diclofenac were removed by ~98%, however, compounds like
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carbamazepine and propanol were poorly removed (Grover et al., 2011). As an alternative
to GAC, steam assisted GAC was suggested in a previous study due to its high adsorption
capacity (Snyder et al., 2007). In general, both these techniques have evolved as an
alternative option for micropollutant removal. GAC and PAC as a part of fourth-stage
treatment process have already been tested commercially in Germany and Netherlands.
The values listed in the literature are summarized in Table 2.4.

Table 2.4 Removal of micropollutants by GAC/PAC adsorption
Adsorbent
PAC

Dose

Compound

% Removal

Ref.

8, 23, 43 mg/L

Diclofenac

96-99

Kovalova
et al., 2013

(hospital
wastewater)

Carbamazepine

98.0-100

Sulfamethoxazole

2, 33, 62

Caffeine

> 94

Bisphenol A

> 94

Nonylphenol

> 94

Diclofenac

> 98

Estrone

64

Carbamazepine

23

Acetaminophen

58

Sulfamethoxazole

25.5

100 mg/L

GAC

Full Scale
Dosage= 1g/L

21

HernándezLeal et al.,
2011

Grover et
al., 2011

Rossner et
al., 2009

2.3.3.3 Membrane Processes
Retention of micropollutants by a membrane is achieved through size exclusion, charge
repulsion or adsorption onto the membrane. Parameters like membrane characteristics,
operating condition, process conditions and membrane fouling affect the removal of
micropollutants. Removal of micropollutants is inefficient through ultrafiltration (UF) and
microfiltration (MF) due to the larger pore size of the membrane compared to the size of
micropollutant molecules. They can however be eliminated by adsorption on the membrane
surface (Luo et al., 2014).
Jermann et al. (2009) investigated the removal of ibuprofen and estradiol using UF process
and the effect of NOM on membrane fouling. Without NOM, the hydrophilic membrane
showed insignificant removal of ibuprofen and estradiol. However, estradiol retention was
much higher (80%) and ibuprofen (25%) on hydrophobic membrane. The higher retention
of estradiol was related to higher carbon-water partitioning coefficient of the compound
(Jermann et al., 2009). Acero et al. (2010) also tested UF for removal of 11 compounds in
secondary effluent. Less than 50% removal was achieved for all compounds except
hydroxybiphenyl indicating adsorption on the membrane surface as the main removal
mechanism. Also, the same secondary effluent was passed through nanofiltration (NF)
membrane and >70% removal of 11 micropollutants was retained, implying size exclusion
as the main removal mechanism. At high pH, electrostatic repulsion in addition to size
exclusion was suggested to be the removal mechanism (Acero et al., 2010). Rohricht et al.
(2009) investigated two different types of submerged NF membranes for removal of
pharmaceuticals from WWTP effluent. Naproxen and diclofenac were retained to greater
extent compared to carbamazepine (pka=13.9). At pH 7 and 8, naproxen and diclofenac
(pka=4.2 and pka=4.15) were deprotonated and hence rejected by the negatively charged
membrane surface (Rohricht et al., 2009). Similar to the above results, Yoon et al. also
concluded that for NF, both size exclusion and hydrophobic interaction play vital roles
(Yoon et al., 2006).
Reverse osmosis (RO) is generally considered to remove significant amount of dissolved
contaminants (Sahar et al., 2011). However, studies have shown that at many times RO
was not capable of fully eliminating the pollutants as indicated in a study done by Kimura
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et al. (2004) where the rejection of compounds was between 57-91%, which indicates the
inefficiency of RO despite the high energy consumption of the process (Kimura et al.,
2004). As shown in Figure 2.4, there have been many instances where RO’s effluent has
been treated further to remove micropollutants for water reuse. Table 2.5 shows the
removal of micropollutants in different water matrices using membrane processes.

Table 2.5 Removal of Micropollutants by Membrane Processes
Membrane

Membrane

type and

conditions

Compounds

% Removal

Ibuprofen

7

Estradiol

Up to 80 %

Ref.

(water
source)
UF

PES flat-sheet,
100 kDa,

(Synthetic

TMP=0.5± 0.01

Water)

bar

Jermann
et al.,
2009

RC4 flat-sheet,

Ibuprofen

Minor

Estradiol

up to 25 %

TMP=0.5± 0.01
bar

(Secondary
effluent)

Flat sheet,

Acetaminophen,

MWCO: 2000-

Metoprolol,

20000 Da, area=

Antipyrine,

28 cm

2

Sulfamethoxazole etc.

23

Acero et
< 50 %, except for al., 2010
hydroxybiphenyl

NF
(WWTP

Flat sheet, area=

Diclofenac, Naproxen

60%, 60 %

Rohricht

3.5 m2, TMP=

et al.,

0.3 or 0.7

2009

effluent)

Flat Sheet, NF
(Secondary

(150-300 Da)

effluent)

Carbamazepine
Acetaminophen,

Acero et
> 70%

al., 2010

Metoprolol,
Antipyrine,
Sulfamethoxazole etc.

80% removal for

(Synthetic
and natural
water)

Flat sheet,

52 EDCs and PPCPs

compounds with
high log Kow>

MWCO: 600 Da

Yoon et
al., 2006

3.5; > 40%
removal for other
compounds

RO
(Secondary
effluent)

FilmTec TW30;

Ibuprofen,

TMP = 9.5- 10.2

Sulfonamides,

> 99.0% ,
> 93.0% ,

bar
Diclofenac

al., 2011
95.0 %

24

Sahar et

RO (polyamide,
MWCO < 200
Synthetic

Da)

11 neutral EDCs and

water

PPCPs

57.0-91.0 %

Kimura
et al.,
2004

2.3.3.4 Advanced Oxidation Processes (AOPs)
AOPs are characterized by generation of hydroxyl radicals (HO·), non-selective oxidant
with high oxidation potential, able to degrade most complex organic structure. In case of
complete mineralization of organics, CO2, H2O and inorganic ions are the end products in
the reaction mixture (Esplugas et al., 2007).

Radiation

O3/UV; H2O2/UV;
UV/US

Homogenous

No
Radiation

AOP

Heterogeneous

Radiation

O3/ H2O2

TiO2/O2/UV
TiO2/H2O2/UV

Figure 2.3 Classification of AOPs

Many studies were conducted to determine the effectiveness of AOPs and their
combination in degrading micropollutants as illustrated in Figure 2.3. According to
Kommineni et al. (2000), in AOPs two stages are involved: 1) formation of strong oxidants,
and 2) oxidation reaction with organic matter. Although some pollutants were removed
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with more than 90% efficiency, polyaromatic compounds such as bezafibrate did not
oxidize to appreciable levels (Sui et al., 2010). A similar study was conducted by Espulgas
et al. (2007) when the removal of bisphenol A was dependent on the concentration of ozone
supplied (Esplugas et al., 2007). Various combinations of AOPs were also tested by many
researchers. Gerrity et al. (2011) used combination of O3 and H2O2 and found that many
compounds were significantly removed within five minutes (Melin et al., 2000). Over the
years, significant research was conducted on the use of TiO2 for removal of trace organics
from water. TiO2 (bandgap-3.2 eV) when illuminated by UV light, the generated positive
holes and hydroxyl radicals, which are non-selective oxidation species, can degrade most
compounds. Several studies have shown that TiO2 can effectively degrade and mineralize
micropollutants (Gerrity et al., 2011; Carlson et al., 2015; Tsai et al., 2009). However,
separation of TiO2 from the reaction solution is a challenge and is not cost effective.
Therefore, its use has been limited to mainly lab or pilot scale studies, with a few largescale applications. Some relevant results are presented in Table 2.6.

Table 2.6 Removal of Micropollutants by AOPs
AOP (water

Parameters

Compounds

type)

%

Reference

Removal

O3

[O3] = 5 mg/L

Bezafibrate,

(water treatment
effluent after
UF)

pH=6.5-8.0; 15 min

Caffeine,
Diclofenac,
Metoprolol etc.

0- >90%

River Water

[O3] = 1-10 mg/L

Bisphenol A

60-100

Sui et al.,
2010

Esplugas et
al., 2007

pH=8-8.5; 7 min
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O3/ H2O2

[O3] = 5 mg/L

Secondary
treatment
effluent

[H2O2] = 3.5 mg/L

UV/H2O2

[H2O2] = 4-16 mg/L

Secondary
treatment
effluent

UV dose= 24.48122.4 kJ/m2

O3/ TiO2, UV-A

[O3] = 10 mg/L

Synthetic Water

[TiO2] = 1500 mg/L

pH=6.9, 5 min

Atrazine,
Benzophenone,
Diclofenac,
Estrone,
Ibuprofen

Estriol, 17ßEstradiol

13-99

91-100%

Melin et al.,
2000

Munter R.,
2001

60-600 min
Diclofenac

100

Sulfamethoxazole,
Diclofenac,
Carbamazepine

100

Bisphenol A

95

Gerrity et
al., 2011

pH=5.0, 30 min

TiO2/ UV
Secondary
Effluent

Synthetic Water

[TiO2] = 50- 2000
mg/L

[TiO2] = 500 mg/L;
pH=7

27

Carlson et
al., 2015

Tsai et al.,
2009

2.3.3.5 Submerged Photocatalytic Membrane Reactors (SPMRs)

Figure 2.4 Schematic diagram of a) SPMR with immersed UV lamp;
b) photocatalytic membrane reactor with non-photoactive support
SPMRs (Figure 2.4) shows hybrid processes combining photocatalysis and membrane
separation processes in a single unit (Molinari et al., 2013). SPMRs can be operated in two
modes that; i) use powdered TiO2 suspended in reaction mixture (slurry) and ii) utilize TiO2
immobilized on membrane surface (Molinari et al., 2009). Due to greater available surface
area compared to immobilized system, suspended catalyst configurations are largely
reported in literature (Mascolo et al., 2007; Pidou et al., 2009). While a photocatalyst helps
in degradation of pollutants, the membrane allows for a continuous operation by confining
the photocatalyst within the system. An increased energy efficiency and modularity are
some advantages of using SPMRs (Molinari et al., 2009). Though the catalyst remains
conserved within the system, SPMRs are prone to membrane fouling. Membrane fouling
in SPMRs occurs by either by parent feed source/catalyst particles or both. This leads to a
decrease in permeate flux and reduces the fraction of catalyst particles in the suspension,
which decreases the overall process efficiency (Pidou et al., 2009). Some of the techniques
that have been proposed to alleviate fouling include feed pre-treatment (Maartens et al.,
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1999), membrane modification (Huertas et al., 2017; Blanco et al., 2019), aeration (Du et
al., 2016), intermittent back flushing (Chin et al., 2006) and dynamic filtration (Li et al.,
2012). Table 2.7 shows a review of the studies wherein SPMR had been used for removal
of micropollutants in different water matrices.

Table 2.7 Removal efficiency of organics in SPMR
Photocatal
yst; model
pollutant

Membrane

Main Parameters

Main Results

TiO2- P25,

MF

1) Optimum TiO2- 0.5 g/L; pH-7

1) HA removal (dark
adsorption)~ 70%

Ferrihydrit
e (FH)

Ref

2) Light intensity:0-8 W
3) Initial HA- 1- 10 mg/L

2) 1) HA removal
(Photocatalysis)~80-100%

4) HA removal-TiO2 (0.5 mg/L) +
FH (0-50 mg/L)

2) NOM TOC removal- 20-45
%

(Slurry);

HA and
Lake water
NOM

Choo
et al.,
2008

3) Iron oxide coated on
membrane removed
photocatalyzed HA
4) No-membrane fouling

TiO2-P25
(Slurry);
Biologicall
y treated
sewage
effluent

Hydrop
hilic
polyeth
ylene
(0.1
µm)

1) TiO2: 0-1.5 g/L; Initial TOC- 12.47
mg/L
2) Light intensity: 46.61- 276.96
mW/cm2

1) Optimum TiO2: 1 mg/L;
Photocatalysis DOC removal:
10-60 %
2) Optimum UV light intensity46.61 mw/cm2

3) Permeate Flowrate: 10-50 mL/min
4) FeCl3: 0-100 mg/L
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3) Photocatalyisis+FeCl3: 75 %

Ho et
al.,
2009

TiO2-Fe3O4 Ceramic
composite Membra
ne
(Slurry);

1) Fe3O4 wt %: 0-25

1) 85.2 % removal of AMX
after 4 cycles of catalyst reuse

2) H2O2 : 0-30 mM; pH: 3-7
3) light intensity: 0-300 W/m2

2) Optimum pH- 3

Li et
al.,
2019

3) % TOC removal: 10-95 %
Amoxicilli
n
Trihydrate
(AMX):(30
mg/L)
TiO2aeroxideP25
(Slurry)

PVDF(0.2
µm)
hydroph
obic

1) TiO2 : 0-6 gm/L; reaction time- 300
min

1) Optimal TiO2- 2 g/L,
2) upto15.8 % flux decline

2) Feed temp: 55-70 °C
3) Optimal Temp- 65 °C
4) color removal: 100 %; TOC
removal- 80 %

RB5 dye

Qu et
al.,
2014

(400 mg/L)

TiO2aeroxideP25,
Ozone,
ACB
(activated
carbon)

UF

2) Taguchi method: 4 factors, 3 Levels

Ozone: -22 -29 %

SPMR- TiO2 (0.1-1 g/L), HA (0-5
g/L), Cl2 (2.5-3.5 mg/L), catalyst type

TiO2: -12- 93 % removal

Regu
ero et
al.,
2013

Ozone- O3 (0.77-3.84 mg/min), HA
(0-5 g/L), Cl2 (2.5-3.5 mg/L), HRT
(2.5-8 min)

THMs

(Slurry);

THMs removal:

ACB- 7-89 % removal

(Slurry);

TiO2-P-25

1) Cl2: 2.5-3.5 mg/L; HA- 0-5 mg/L

ACB- HRT (5-15 min), type, HA (0-5
g/L), (2.5-3.5 mg/L)
PVDF
membra
ne
fabricat

1) 4 Factor- CCD design
TiO2: 0-0.4 mg/L

30

1) % removal: 4.12-95 %

Vatan
pur et
al.,
2017

ed (80Rhodamine 200 nm)
B

UV-C: lamp count- 0-4 (each 6 W)
pH: 5-9
Flux: 60-220 L/m2-h

Titanate
nano- tubes
(TNT)
(Immobiliz
ed) ;

PVDFTNT
membra
ne
fabricat
ed

Aerobically
treatedPalm Oil
Effluent
(ATPOME)
TiO2AeroxideP25

UF
membra
ne

1) catalyst loading : 0-1%; light
intensity- 8 W
2) initial feed conc.- 0-50% dilution
3) pH: 3-11

1) % removal (dark conditions): Subra
10-34.2 %
mania
m et
2) % removal (photocatalysis): al.,
26.9-67.3 %
2018
3) % color removal: 66-78 %

4) Effect of photocatalysis on
membrane fouling

4) Optimum pH: 3

5) UV lamp used- 8 W

5) % flux decline: up to 29 %

1) TiO2 = 0.75 g/L, HA = 5, 10 mg/L

1) Optimum pH: 5.5 (HA= 5
mg/L)

2) pH: 3.5 -7.0; UV-A 30 W

(Slurry);

2) % mineralization: 49.6-73.9
%; removal: 52.5-83.1 %

HA

3) SUVA254 removal: 95- 100 %

Patsio
s et
al.,
2013

4) No change in TMP
TiO2AeroxideP25
(Slurry)

PVDFUF-0.04
µm

1) TiO2: 0.5 g/L; pH: 6.4-6.9; Light
intensity: 57.3 W/m2

Removal time (for 95 %
removal): 20-1198 min
Ferna
ndez
et al.,
2014

2) Effect of adsorption of compounds
on membrane and TiO2

Mix of 33
micropollut
ants
TiO2Aeroxide-

PVDF0.04 µm

1) TiO2- 0.5 mg/L

1) MPR not able to handle
shock loadings
31

Ferna
ndez

P25
(Slurry);

PP0.22 µm

Esatrdiaol
(E2) + HA
ZnO

3) UV light intensity: 22-88 mW/cm2

2) % humic acid removal: 81.499.5%; E2 removal: 91-99%

1) initial concentration: 10-80 mg/L

1) Optimum ZnO- 1 g/L

(Slurry);

2) catalyst loading: up to 2 g/L

Progestero
ne,
ibuprofen,
naproxen

3) oscillations: amplitude-6 mm,
Frequency: 2-12 Hz

2) removal progesterone: 92.3
%; removal ibuprofen: 94.5%;
removal naproxen: 98.7 %

TiO2-P25and doped
TiO2

PVDF0.2 µm

2) shock loading: 10-200 mg/L

PVDF(80-200
nm)

Orange 29
dyde

(Slurry);

Sabo
uni et
al.,
2019

3) Oscillations enhanced
photocatalytic rate by 1.3 times

(Slurry)

Nano-TiO2/
Silicagel
(50 µm)

et al.,
2014

PVDF0.2 µm

1) Taguchi Method:

1) Doping Source: TiO26:1;Temp- 450 °C, Time- 5 h,
Doping source= Urea;
Optimum Degradation: 84.2 %

Vatan
pour
et al.,
2019

1) TiO2: 0-0.6 g/L

1) Optimum TiO2- 0.5 mg/L

2) pH: 3.4-10.3

2) Optimum pH= 3.4

Fu et
al.,
2006

3) airflow: 0.01-0.09 m3/hr

3) Optimal airflow= 0.06 m3/hr

a) Doping source (urea, thiourea,
sulfanilic acid, ammonium
thiocyanate) b) time (1-7 hrs) c) Temp
(350-500 °C) d) Activation source:
TiO2 ratio

4) % TOC removal: 20-80 %

Fulvic
Acid

32

TiO2-P25

PVDF0.2 µm

1) TiO2: 0.2-2.0 g/L

1) Optimal TiO2= 0.5 g/L

(Slurry);

2) pH: 4-10

2) Optimal pH= 4

BPA

3) aeration rate: 0.2-4.0 l/min

3) Optimal aeration= 0.5 L/min

Chin
et al.,
2007

4) degradation: 97%;
mineralize: 93 %

TiO2-P25

PE- 0.2
µm

(Slurry);

1) TiO2: 1 g/L

1) TOC removal: 40-80 %

2) Effect of secondary effluent
colloidal particles

3) Bubble less back pulsing
better than aeration in fouling
mitigation

Jiang
et al.,
2016

3) aeration vs intermittent back-pulsing
Secondary
Wastewater

TiO2-P25
(Slurry);

0.4 µm
membra
ne

TiO2= 1 g/L; pH- 7.98

Turbidity removal: ~ 70 %

Ions: KCl, Na2SO4, NaCl, KNO3

TOC removal: 10-90%.

Kim
et al.,
2010

Ions effect photocatalysis
negatively
Seawater
and
lakewater
TiO2
(Immobiliz
ed);

PVDFTiO2

1) TiO2 loading: 0-4 wt %

1)) Optimum TiO2: 2 wt %

2) Feed: 250-10000 ppm

2) Flux decline: 8-56 %

3) Aeration Rate: 0-5 ml/min

3) TOC removal: 20-85%

Synthetic
Oily WW

4) oil Rejection: ~ 90 %

33

Ong
et al.,
2014

TiO2-P25
(Slurry);
Diclofenac
in tap water
and surface
water (pilot
plant
study)

PVDFUF-0.03
µm

1) TiO2 -0.5 g/L, 0.75 g/L)

1) DCF removal: 56-100 %

2) Radiant power per unit volume1.04, 2.08 W/L

2) TOC removal: 52%

3) HRT= 30, 60 min

34

Plaka
s et
al.,
2016

2.4 Critical Analysis of Technologies
Table 2.8 provides a critical analysis of various tertiary treatment technologies and their
respective disadvantages.
Table 2.8 Critical Analysis of micropollutant treatment technologies
Technique

Major Factors

Process
Parameters
Coagulation Dosage
pH

Disadvantage

Residues

Micropollutant
related
Hydrophobicity

1)Ineffective MP
removal

Molecular size

Sludge
2) Large amount of
sludge

WW composition

3) Introduction of
coagulation salt in
aqueous phase
Activated
Carbon

Adsorbent
properties

Hydrophobicity

1) Need for
regeneration

Molecular size
Dosage

Used carbon
2) Disposal of used
carbon

Structure
Contact time

3) Lower
efficiency in
presence of NOM

WW composition

AOPs

Dosage

Compound
structure

Reaction time
pH

1) By-products
formation which
may be toxic
2) High energy
consumption

interfering ions
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Residual
oxidants

WW composition

NF and RO

Membrane
properties

3) Lower
efficiency in
presence of NOM
Hydrophobicity

1) High energy
demands

Molecular size
pH
feed quality

Concentrate
2) Membrane
fouling

Molecular
charge

3) Disposal of
concentrate

transmembrane
pressure

4) Desorption of
sorbed chemical
from membrane
SPMR

Catalyst conc. and
type

Compound
structure

pH

Molecular size

WW composition

Molecular
charge

1) Membrane
fouling
2) lower efficiency
in presence of ions

Residual
oxidants

3) by products

aeration rate
light intensity
HRT

2.5 Conclusion
This review summarizes the effectiveness of primary, secondary, and tertiary treatment for
the removal of micropollutants from different water matrices. Presently, none of the
technologies available is capable of near complete removal of micropollutants from water
matrices for water recycling applications. Primary treatment showed ineffective removal
of micropollutants. Removal of micropollutants in secondary treatment is mainly
dependent on the biodegradation and adsorption of sludge. Some compounds (Bisphenol
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A etc.) showed high biodegradability, however, many compounds like antibiotics and
many PPCPs showed poor biodegradability and hence were found in the effluent water.
Activated carbon has been reported to be effective in removal of micropollutants, however,
the disposal of spent after the exhaustion of AC bed is one of the main challenges. In
addition, many hydrophilic compounds don’t get adsorbed on AC.
NF and RO have been reported as promising technologies for removal of micropollutants
but at high pumping cost increases the overall water treatment cost. Size exclusion and
adsorption on membrane surface have been reported to be the major mechanism
responsible for removal of micropollutants. However, overall efficiency can be decreased
by diffusion of micropollutants through membrane pores followed by desorption on the
permeate side. Disposal of concentrate is also one of the main problems associated with
membrane processes.
AOPs because of their ability to generate in-situ hydroxyl radicals, non-selectivity of
pollutant, and mineralization capacity are promising technologies for micropollutants
removal. However, the presence of by-products formed by advanced oxidation may cause
potential toxicity of water.
Therefore, the best operation condition for an AOP is complete mineralization. Among the
various options of AOPs, TiO2 based processes have greater potential due to low cost and
possibility of using solar light. However, separation of TiO2 and the removal of byproducts are potential drawbacks of this process.
Process intensification combining AOPs and membrane separation in one modular unit is
a potential innovative method that can be pursued, which is the objective of this proposed
PhD research.
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Chapter 3
3 Experimental Methods and Procedures
3.1 Experimental Setup
All photocatalytic experiments were conducted in an oscillatory membrane reactor shown
in Figure 3.1. The membrane reactor is comprised of a plexiglas rectangular cell (26.2 cm
x 14 cm x 2.3 cm) with a quartz window on once face of the reactor as shown Figure 3.2a,
in order to allow the UV light to penetrate the slurry reactor from the respective side. The
reactor houses an aluminum module (14.7 cm x 6 cm x 1.4 cm) (Figure 3.2b). The module
is equipped to hold two circular 47 mm flat sheet PVDF membranes and is tapered at the
bottom to reduce form drag. Air flow was provided using an air sparger located at the
bottom of the cell and controlled using a rotameter.

Figure 3.1 shows the side view of the submerged photocatalytic photo-catalytic
oscillatory membrane reactor setup. The working volume of the reactor was 600 mL
and the reactor was irradiated using an externally placed UV lamp. The details of the
setup and schematic diagram of the reactor is explained in the following subsections.
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Figure 3.2 a) shows front view and side view of the slurry reactor. The reactor
consisted of quartz window on one face of the reactor for UV light to penetrate the
reactor; b) shows the side and front view of the aluminum membrane-module
submerged in the reactor. The module can hold two 47 mm diameter circular
membranes; c) shows the front view and dimensions of the UV light and its dimensions
used for the photocatalytic experiments. The power of the UV-A lamp was 13 W. (The
figure drawn are not to scale.)
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The membrane unit was oscillated using an adjustable eccentric driven by a variable speed
motor. The rotational speed was calibrated using a tachometer, while amplitude was
determined using a micrometer. UV irradiation (365 nm) was provided by a 13 Watt UVA lamp (GE-GX 23) placed vertically in front of the quartz window located along the side
of the reactor. The dimensions of the UV light used were 17 cm x 2.8 cm x 1.3 cm as shown
in figure 3.2c. The irradiance of light measured at the centre of quartz window using a
UVX Digital radiometer (UVP, Inc. Upland, CA) and found to be 1.58 mW/cm2. The
rectangular cell and membrane module were connected to a peristaltic pump (Masterflex
L/S-7518-60) driven by a variable speed motor for feeding the reactor and withdrawing
permeate, as shown in Figure 3.1. A 0-100 kPa vacuum gauge fitted to the permeate line
was used to measure the transmembrane pressure (TMP) drop across the membrane.

3.2 Dark reaction and reactor startup
Prior to every photocatalytic experiment, a dark adsorption of the micropollutant on TiO2
was conducted in a separate flask by magnetically stirring 600 mL TiO2 slurry spiked with
micropollutant. Optimized TiO2 concentration of 0.67 g/L was kept constant for all the
experiments in this study.
Subsequently, the entire slurry was transferred to the reactor and aerated for 10-15 minutes
at the pre-determined aeration rate. Before switching the UV light on, the reactor was
operated in a semi-batch mode for 3 hours at pre-defined oscillation frequency (ω) and
amplitude (a), until a stable trans- membrane pressure drop (TMP) was established at
hydrodynamic equilibrium. The samples in the permeate were collected at regular intervals
and analyzed subsequently.

3.3 Membrane Cleaning Procedure
After each experiment, the membrane was back flushed for five minutes using 0.5 LPM air
flowrate and any catalyst remaining on its surface was removed by a soft brush and Kim
wipes. The membrane module was then washed with excess DI water. The reactor was
cleaned with a soft brush to remove catalyst from the walls and washed with copious
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amount of DI water. The membrane was replaced if the pure water flux did not restore to
~ 95% of the original flux of the pristine membrane.

3.4 Analytical Methods
3.4.1 UV-Vis Spectrophotometer and TOC analysis
UV-VIS-NIR spectrophotometer (Shimadzu UV-3600) was used to quantify the
concentration of micropollutants in the permeate. 3.5 mL quartz cuvette with 10 mm path
length was used in spectrophotometer. The details regarding the peak UV absorbance of
the micropollutants can be found in their respective chapters. It should be noted that UV
spectrophotometer was only used if the background water used was Milli-Q water and only
one micropollutant was spiked in it.
TOC-VCPN analyzer with an ANSI-V auto sampler was to measure the TOC of the liquid
samples. Prior to TOC analysis, the samples were filtered using 0.45 µm poly-propylene
filter to remove any suspended particles.

3.4.2 Gas Chromatography/Mass Spectrometry (GC/MS) analysis
GC/MS analysis was used in chapter 4 of this thesis to determine the micropollutant
concentration in the feed and permeate samples with humic acid and secondary wastewater
effluent (un-chlorinated) as background water matrices.
For GC/MS analysis, liquid-liquid extraction was used to extract the micropollutants from
water phase to solvent phase (Dichloromethane (DCM). Micropollutants from water
samples were extracted in a single stage using 10 mL sample and 10 mL DCM (1:1 waterDCM volume ratio). After extraction, the DCM was evaporated completely under a gentle
stream of nitrogen using a turbo-evaporator (Heidolph, Germany) set at a heating bath
temperature of 50 ℃. The dried sample was reconstituted to 1 mL by using 0.9 mL DCM
and 0.1 mL N,O-Bis(trimethylsilyl) trifluoroacetamide (BSTFA) and transferred to a 2 mL
GC/MS vial. The vial was capped and kept in an oven for 1 hr at 60 ℃ for derivatization
and was subsequently analyzed in GC/MS.
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Chromatographic separation was achieved using a HP-1 (100% dimethypolyziloxane) type
capillary column of 30 m x 0.25 mm i.d. (film thickness of 0.25 µm) obtained from Agilent
(California, USA). Helium was used as the carrier gas at a constant flow rate of 1.54
mL/min. The injector temperature was maintained at 280 ℃, and the injection volume was
1 µL in splitless mode. The column head pressure was set at 90 kPa, and the GC oven
temperature was programmed as: 2 min at 50 ℃, first ramp at 20 ℃/min to 100 ℃ (held
for 5 min), second ramp 10 ℃/min to 200 ℃ (held for 2 min) and third ramp at 20 ℃ /min
to 300 ℃ (held for 14 min). The interface temperature between the inlet and MS transfer
line was maintained at 300 ℃, and the ion source temperature was also maintained at 230
℃. The mass spectrometer was operated in selected ion monitoring (SIM) mode with
positive ionization by electron impact (EI). Figure 3.3 depicts the steps involved in
preparing water samples for GC/MS analysis.

Figure 3.3 depicts the steps involved in preparing the aqueous samples for GC/MS
analysis. The methods for GC/MS operation is described in section 3.4.2 of this
thesis.
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3.4.3 Electronspray Ionization/Mass Spectrometry (ESI/MS) analysis
ESI-MS analysis was used in chapter 5 of this thesis to determine the photocatalytic
degradation by-product of diclofenac.
For ESI/MS analysis, Bruker microOTOF 11- ESI/MS was used to identify DCF
degradation by-products. In order to prepare sample for ESI/MS analysis, 80 mL of slurry
obtained after 100 hours of photocatalytic experiment was centrifuged at 3000 RPM for 15
minutes. Supernatant (50 mL) from the centrifuged sample was filtered using 0.45 µm glass
microfiber filter paper and subsequently subjected to liquid-liquid extraction to extract the
reaction by-products from the aqueous filtrate (50 mL) to solvent phase (Dichloromethane50 mL) in a single step. Subsequently, the DCM was evaporated under a gentle stream of
nitrogen using a turbo-evaporator (Heidolph, Germany) set at a heating bath temperature
of 50 ℃ to obtain 1 mL of final sample for ESI/MS analysis. Samples were analyzed for
m/z ranging between 50-400 in both negative and positive ion polarity.
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Chapter 4
4 A novel submerged photocatalytic oscillatory membrane
rector for water polishing

Abstract
A submerged photocatalytic oscillatory membrane reactor was tested for micropollutants
removal from water as a tertiary treatment method for water polishing. A detailed study of
the system performance at various operating conditions of membrane reactor and
background water matrices including humic acid (HA) and secondary wastewater effluent
(SWE) was conducted. Initially, the system was evaluated using suspended nanosized TiO2
under UV illumination and antipyrine as a model pollutant. Experiments using central
composite design (CCD) and response surface analysis (RSM) were used to analyze the
effects of the oscillation amplitude and frequency, and airflow rate on the antipyrine
removal and the membrane flux. Optimum conditions for the reactor operation were
determined using a composite desirability function. These conditions were then applied for
the removal of other micropollutants with varying physiochemical properties namely,
diclofenac, sulfamethoxazole, and hydrochlorothiazide. Up to 90% micropollutants
removal can be achieved in Milli-Q water, although, the performance was noticeably
affected in presence of background organics in SWE and HA due to either catalyst blocking
and/or competition of organics, as well as catalyst agglomeration. A significant process
intensification can be achieved using the proposed photocatalytic oscillatory membrane
reactor configuration, which could offer a promising potential as a final polishing step for
water recycling.
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4.1 Introduction
Water scarcity has been identified as a serious challenge in many parts of the world.
According to Mekonnen and Hoekstra (2016), currently, approximately 1.8-2.9 billion
people face water scarcity for at least 4 to 6 months per year and nearly half-billion people
face water scarcity all year around (Mekonnen and Hoekstra, 2016). Recycling industrial
and municipal wastewater has been identified as one of the viable options for effective
water management (McClaran et al., 2020).
Many water treatment technologies namely advanced oxidation processes (AOPs) (Babu
et al., 2019; Ncibi and Matilainen, 2018; Moreira et al., 2017; Rekhate and Srivastava,
2020), membrane separation (Li et al., 2020; Zhu et al., 2021) and adsorption using
activated carbon and zeolites (Rocha et al., 2020; Collins et al., 2020) have been reported
and tested for removal of micropollutants, heavy metals, humic acid, natural organic matter
(NOM) present in water and wastewater from various industries including pharmaceutical,
textile, petroleum, etc.. AOPs rely on in-situ production of hydroxyl radicals that are nonselective and can degrade most of the organic compounds. In contrast to AOPs, membrane
separation and adsorption are physical separation techniques where the removal of a
pollutant depends on its physiochemical properties. Despite simple operation, membranes
are prone to fouling, and adsorbents require regeneration and ultimate disposal upon
exhaustion.
TiO2-photocatalysis, an advanced oxidation process (AOPs) is proven to be an effective
technique for water and wastewater treatment, especially applicable for tertiary treatment
of effluents for water recycling (Mamun et al., 2019; Araña et al., 2002). In photocatalytic
processes, the catalyst can either be suspended in the reaction mixture or immobilized on
a support material. The later has the advantage of not requiring a final catalyst removal
process such as filtration, however, it suffers from lower efficiency due to mass transfer
limitations. On the other hand, slurry reactors provide higher mass transfer and reaction
rates, subsequently higher efficiency, but require additional separation process to remove
the suspended catalyst from the treated water (Damodar and You, 2010; Erdei et al., 2008;
Alfano et al., 2000; Ray and Beenackers., 1998; Janssens et al., 2017) .
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Submerged photocatalytic membrane reactor (SPMR), a hybrid system combining
photocatalysis and membrane filtration, overcomes the limitations of separating the
catalyst from treated effluent (Fu et al., 2006; Ho et al., 2009). However, membrane fouling
occurs due to the background organics in water, catalyst particles or both, leading to a
decrease in permeate flux and reduction in the amount of catalyst particles in the
suspension, subsequently decreasing the overall process efficiency (Pidou et al., 2009).
Some of the techniques that have been used to alleviate the membrane fouling include feed
pre-treatment (Maartens et al., 1999), membrane modification (Huertas et al., 2017; Blanco
et al., 2019), aeration (Du et al., 2017), intermittent back flushing (Chin et al., 2006) and
dynamic filtration (Li et al., 2013). Unlike cross-flow filtration, where fouling is mitigated
by applying high fluid velocities, dynamic filtration involves creation of relative motion
between membrane surface and its housing using oscillatory motion or rotation. This
results in generation of high shear rates at membrane surface without affecting the retentate
flow, which not only enhances membrane flux and reaction rates but also provides an extra
degree of freedom to control the reactor residence time (Akoum et al., 2005; Gomaa and
Rao, 2011].
In an earlier research, the basic principles of applying oscillatory motion in a photocatalytic
membrane reactor were studied (Zhang et al., 2017). In this work, application of a hybrid
suspended catalyst oscillatory membrane photocatalytic reactor is investigated for removal
of different micropollutants such as antipyrine, sulfamethoxazole, diclofenac, and
hydrochlorothiazide from water. The effect of background water matrices on the reactor
performance was also investigated using humic acid (HA) and secondary wastewater
effluent (SWE). Instead of commonly used nanofiltration or reverse osmosis membranes
for removal of trace contaminants, a microfiltration membrane is used in the present design.
This offers lower material cost and results in lower transmembrane pressure drop (TMP).
The investigation was conducted in a continuous mode operation using TiO2 in suspension
under UV illumination. The effects of operational parameters including the hydraulic
residence time (HRT), oscillation amplitude and frequency, and airflow rate, on the
permeate flux and pollutant removal were evaluated using response surface methodology
(RSM) based on central composite design (CCD). The optimum reactor operating
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conditions were determined to simultaneously minimize the decline in membrane flux and
maximize the pollutants removal.

4.2 Theory
4.2.1 Apparent removal of micropollutant in a SPMR
The SPMR configuration shown in Figure 4.1 is assumed to be well-mixed and the reactor
performance can be described by the continuously mixed flow equation (Levenspiel,
1999):
𝐶𝑠𝑠
1
=
𝐶𝑜
1 + 𝑘𝜏

(4.1)

Where 𝐶𝑜 (mg/L) is the pollutant concentration at the inlet; Css (mg/L) is the concentration
of pollutant in the permeate at steady-state; 𝑘 is the apparent first-order rate constant
(min-1) for the micropollutant, and 𝜏 (min) is the residence time in the reactor.

4.2.2 Hydrodynamics
For a flat surface oscillating harmonically with an amplitude 𝑎 (𝑚), and angular oscillation
frequency 𝜔 (s-1), the surface shear rate 𝛾0 (𝑠 −1 ) is given by,
𝛾0=

𝑎𝜔1.5
𝜗 0.5

(4.2)

Eq. (4.2) implies that the maximum shear rate 𝛾0 (𝑠 −1 ) on a flat oscillating surface varies
with oscillation frequency to the power of 1.5, as compared to the power of 1 for amplitude,
indicating that frequency has a stronger effect on shear rate.
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4.3 Materials and Methods
4.3.1 Materials
The PVDF flat sheet membranes (Microdyn Nadir-297 x 210 mm, pore size 0.2 µm) used
in this work were purchased from Sterlitech Corporation, USA. TiO2 nanoparticles (21 nm,
purity-99.5 %) were purchased from Sigma Aldrich. Antipyrine (C11H12N2O, purity
>99%), sulfamethoxazole (C10H11N3O3S, purity >99 %), diclofenac sodium salt
(C14H10Cl2NNaO2, purity >99 %) and hydrochlorothiazide (C7H8ClN3O4S2, purity >99 %)
were selected as model compounds and obtained from Sigma Aldrich, Canada and used
without any further purification. Milli-Q water was used for preparing stock solutions (18.2
Ω, Millipore Water Systems, USA). Humic Acid (CAS no. 1415-93-6) was purchased from
Alfa Aesar, Canada.

4.3.2 Experimental Setup
Photocatalytic experiments were conducted in an oscillatory membrane reactor shown in
Figure 4.1. The membrane reactor is comprised of a plexiglas rectangular cell (26.2 cm x
14 cm x 2.3 cm) housing an aluminum membrane module (14.7 cm x 6 cm x 1.4 cm). The
module, equipped to hold two circular 47 mm flat sheet PVDF membranes, is tapered at
the bottom to reduce form drag. Air flow was provided using an air sparger located at the
bottom of the cell and controlled using a rotameter. UV irradiation (365 nm) was provided
by a 13 Watt UV-A lamp (GE-GX 23) placed in front of the quartz window located along
the side of the reactor. The irradiance of light measured at the centre of quartz window was
1.58 mW/cm2 using a UVX Digital radiometer (UVP, Inc. Upland, CA). The membrane
housing was connected to a peristaltic vacuum pump (Masterflex L/S-7518-60) driven by
a variable speed motor. The membrane unit was oscillated using an adjustable eccentric
driven by a variable speed motor. The rotational speed was calibrated using a tachometer,
while amplitude was determined using a micrometer. Dark adsorption of the
micropollutants on TiO2 catalyst was determined before switching on the UV light.
Adsorption equilibrium was reached within first 15 minutes of dark reaction for the all
compounds.
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Figure 4.1. Oscillatory Membrane Reactor setup

4.3.3 Membrane cleaning procedure
After each experiment, the membrane was back flushed for five minutes and any catalyst
remaining on its surface was removed by a soft brush. The membrane module was then
washed with excess DI water. The reactor was cleaned with a soft brush to remove catalyst
from the walls and washed with copious amount of DI water. The membrane was replaced
if the pure water flux did not restore to ~ 95% of the original flux of the pristine membrane.

4.3.4 Analytical Methods
UV-VIS-NIR spectrophotometer (Shimadzu UV-3600) was used to determine the
concentration of micropollutants presented in Table 4.1 in Milli-Q water. Photocatalytic
degradation of humic acid was quantified by measuring sample absorbance at 254 nm
(UV254). The total organic carbon (TOC) was analyzed using a TOC analyzer (Shimadzu
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TOC-VCPN analyzer) with an ANSI-V auto sampler. Turbidity of the permeate was
measured using a HACH 2100N turbidimeter.
Micropollutants in water were analyzed using gas chromatography coupled with a
quadrupole mass spectrophotometer (GC/MS-QP2010S, Shimadzu) equipped with an
auto-injector (AOC-5000, Shimadzu) to determine micropollutants removal in presence of
humic acid (DOC  4 mg/L) and in secondary wastewater. The latter was collected from
Adelaide wastewater treatment plant, London, Ontario, and was immediately filtered with
1.2 µm glass microfiber filter and stored at 4℃ prior to use. The DOC of secondary
wastewater effluent was 30.94 ± 0.25 mg/L.
Liquid-liquid extraction was used to extract the micropollutants from water phase to
solvent phase (Dichloromethane (DCM). Micropollutants from water samples were
extracted in a single stage using 1:1 water- DCM volume ratio. After extraction, the DCM
was evaporated completely under a gentle stream of nitrogen using a turbo-evaporator
(Heidolph, Germany) set at a heating bath temperature of 50 ℃. The dried sample was
reconstituted to 1 mL by using 0.9 mL DCM and 0.1 mL N,O-Bis(trimethylsilyl)
trifluoroacetamide (BSTFA) and transferred to a 2 mL GC/MS vial. The vial was capped
and kept in an oven for 1 hr at 60 ℃ for derivatization and was subsequently analyzed in
GC/MS.

Chromatographic

separation

was

achieved

using

a

HP-1

(100%

dimethypolyziloxane) type capillary column of 30 m x 0.25 mm i.d. (film thickness of 0.25
µm) obtained from Agilent (California, USA). Helium was used as the carrier gas at a
constant flow rate of 1.54 mL/min. The injector temperature was maintained at 280 ℃, and
the injection volume was 1 µL in splitless mode. The column head pressure was set at 90
kPa, and the GC oven temperature was programmed as: 2 min at 50 ℃, first ramp at 20
℃/min to 100 ℃ (held for 5 min), second ramp 10 ℃/min to 200 ℃ (held for 2 min) and
third ramp at 20 ℃ /min to 300 ℃ (held for 14 min). The interface temperature between
the inlet and MS transfer line was maintained at 300 ℃, and the ion source temperature
was also maintained at 230 ℃. The mass spectrometer was operated in selected ion
monitoring (SIM) mode with positive ionization by electron impact (EI).
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Table 4.1 Properties of Micropollutants used in this study
Compound Name

Molecular*

Solubility*

Weight

(mg/L)

log Kow*

Peak UV
absorbance**
wavelength

(g/mol)
𝜆𝑝𝑒𝑎𝑘 (𝑛𝑚)
Antipyrine (AP)

188.23

51900

0.38

242

Sulfamethoxazole (SMX)

253.27

610

0.91

260

Diclofenac Sodium Salt (DCF)

318.10

4.82

4.51

275

Hydrochlorothiazide (HCZ)

297.74

722

-0.07

225

*

-data obtained from PubChem (https://pubchem.ncbi.nlm.nih.gov/); **- determined

experimentally in this work.

4.3.5 Design of Experiment and Optimization
Central composite design (CCD) was employed to analyze and optimize the effect of
process parameters, i.e. the amplitude (A), frequency (B), and air flowrate (C) on the %
removal of the model compound (antipyrine) and the % decline in membrane flux. For
each parameter, three levels were chosen as shown in Table 4.2. The overall removal as
expressed in Eq. (4.1) was used to determine the system performance. The ranges of these
parameters were selected based on the reactor operational limits. The fit quality of
polynomial regression models was analyzed using co-efficient of determination R2, F-test
and P-value to check statistical significance of the models with 95% confidence level. A
reduced quadratic model was considered in the analysis of variance (ANOVA). All
experiments were conducted for two initial permeate flow rates (IPM), 9 and 21 mL/min
(membrane flux= 155.7 and 363.3 L/m2-hr, respectively).
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Table 4.2 CCD variables and their ranges

Actual Parameter Values

Responses

Coded

Amplitude

Frequency

Airflow rate

levels

(mm)

(Hz)

(LPM)

A

B

C

-1

2

1.33

0

0

11

3.0

0.5

1

20

4.67

1

% removal

% flux decline

(A, B, C used in table 4.2 are coded names used in RSM for amplitude, frequency and airflow
rate, respectively)

The % flux decline (membrane) is defined as:
% 𝑓𝑙𝑢𝑥 𝑑𝑒𝑐𝑙𝑖𝑛𝑒 = 100 × (

𝐽𝑜 − 𝐽𝑠𝑠
)
𝐽𝑜

(4.3)

Where, 𝐽𝑜 is initial membrane flux before adding catalyst in the reactor; 𝐽𝑠𝑠 is the steady
state membrane flux. A reduced % flux decline corresponds to a lower membrane fouling.
The % removal of micropollutants is defined as:
% 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = 100 × (
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𝐶𝑜 − 𝐶𝑠𝑠
)
𝐶𝑜

(4.4)

4.4 Results and Discussion
4.4.1 Membrane Integrity
Initial membrane integrity test was performed to confirm catalyst conservation in the
system. Experiments were conducted at different catalyst concentrations ranging between
133-800 mg/L (turbidity varied from 775-5440 NTU) at 9 mL/min and 21 mL/min IPM for
3 hours. The permeate turbidity was < 0.4 NTU, indicating that the catalyst was not
breaking through the MF membrane.

4.4.2 Optimum TiO2 Dosage
The photodegradation efficiency in a slurry system depends on the amount of catalyst
present in the suspension (Laohaprapanon et al., 2015; Kansal et al., 2009). The effect of
catalyst concentration (0.13- 0.8 g/L) on removal of antipyrine (C0 = 4 mg/L) was studied
and 0.67 g/L (Figure 3.2) was found to be the optimum TiO2 concentration for this system.
On increasing the TiO2 concentration beyond 0.67 g/L, the removal of antipyrine declined,
mainly due to catalyst agglomeration, settling and an increased opacity of the slurry, which
negatively affects UV light penetration in the reactor (Sleiman et al., 2007; Bansal et al.,
2010). Hence, an optimum TiO2 concentration of 0.67 g/L was used throughout this study.
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Figure 4.2 Effect of TiO2 concentration on removal of Antipyrine (initial
concentration= 4 mg/L) in batch kinetics; Light Irradiance= 1.58 mW/cm2.
Experiments were done in a batch system. (All experiments were conducted in
triplicates and average is reported).

4.4.3 Effect of aeration: no oscillation case
Increasing the aeration rate in a photocatalytic membrane reactor (PMR) increases the
shear rate at the membrane surface which can result in scouring of deposited particles
thereby alleviating membrane fouling (Meng et al., 2005; Molinari et al., 2008). Increasing
the aeration rate can also enhances photocatalytic efficiency by providing oxygen, which
acts as an oxidant and slowing down electron–hole recombination. Additionally, aeration
can decrease catalyst agglomeration leading to lower mean particle size, thereby enhancing
mass transfer area (Jia et al., 2005). At higher aeration rate however, photocatalytic
efficiency decreases due to attenuation and scattering of UV light by bubble clouds
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formation (Chin et al., 2006; Zhang et al., 2016; Davis, 1955). The effect of aeration at
two different IPM (9 mL/min and 21 mL/min) is shown in Figure 4.3. At aeration rates
greater than 0.5 LPM, flux decline decreased by 8 % at 9 mL/min IPM, indicating lower
membrane fouling. At higher permeate flow rate, not a significant enhancement in flux was
observed at air flow rates greater than 0.5 LPM, although a minimum air flow rate was
required to reduce fouling. As expected, removal of antipyrine decreased at a higher water
flow rate due to decrease in the reactor residence time. Additionally, enhancement in %
removal of antipyrine was not significant at air flow rates greater than 0.5 LPM at initial
permeate flow 9 mL/min and was less than 5% at 21 mL/min IPM. A similar effect was
seen by (Chin et al., 2006) in a submerged low-pressure membrane photocatalytic reactor,
where above 0.5 LPM aeration, degradation of bisphenol-A was not affected and remained
constant at a much higher flow rate of 4 LPM even though the mean particle size of
agglomerates was reduced by 190 nm at 4 LPM aeration compared to 0.5 LPM. Therefore,
the latter was taken as an optimum air flow value in this work.

Figure 4.3 Effect of aeration on a) membrane fouling measured as % flux decline; b) %
removal of antipyrine. (All experiments were conducted in duplicates and average is
reported)
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4.4.4 Effect of oscillation and aeration: RSM and ANOVA
Table 4.3 CCD experimental design and results for antipyrine removal and % flux
decline
Run
Order

A

B

C

IPM
21 mL/min
(steady-state)

IPM
9 mL/min
(steady-state)

% removal

% flux
decline

%
removal

% flux decline

1

-1

-1

-1

40.06

22.88

52.54

10.73

2

-1

-1

+1

44.03

18.65

63.23

2.30

3

0

-1

0

43.58

19.61

62.75

3.80

4

+1

-1

+1

43.38

22.36

61.04

2.36

5

+1

-1

-1

46.69

21.73

57.35

4.03

6

-1

0

0

44.45

20.41

69.2

2.80

7

0

0

+1

42.76

10.35

65.2

-0.11

8

0

0

-1

40.61

16.84

61.29

5.96

9

0

0

0

43.57

19.13

68.57

0.30

10

+1

0

0

47.08

14.14

66.44

-0.53

11

-1

+1

-1

40.61

21.74

60.00

-2.1

12

-1

+1

+1

43.56

15.07

63.81

-2.96

13

0

+1

0

38.14

8.58

68.09

-4.62

14

+1

+1

-1

36.38

8.21

60.51

0.79

15

+1

+1

+1

35.84

9.41

63.24

-3.88

CCD method was used to analyze the effects of oscillation amplitude, frequency, and
airflow rate (Table 4.2) on % flux decline and % removal of antipyrine (C0= 4 mg/L) at
two IPM using Design- Expert 11.0. The analysis results are shown in Table 4.3.
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4.4.4.1 Modeling
Modeling was conducted to predict the optimum conditions for maximizing the % removal
and minimizing the % flux decline simultaneously. The removal of antipyrine ranged from
52.54% - 62.9% and 35.84% - 46.69% for 9 mL/min and 21 mL/min, respectively. The
flux decline varied between -4.62 % to 10.73 % for 9 mL/min and 8.21% to 22.88% for 21
mL/min IPM. It was interesting to see that in some cases for 9 mL/min IPM, the flux
obtained was higher than the flux of pristine membrane as shown in Table 4.3. This could
be attributed to the increased hydrophilicity of the membrane due to the thin layer of TiO2
that was observed to develop on the membrane. A similar phenomenon was reported
(Méricq et al., 2015) wherein the flux was higher for PVDF-TiO2 membrane compared to
only PVDF membrane. Also, the permeate flux of the PVDF-TiO2 under UV irradiation
was higher as compared to without irradiation.
Based on experimental and ANOVA results, quadratic equations were developed in which
A, B, and C represent the amplitude, the frequency and the air flowrate in coded units,
respectively. Only significant terms (P-value < 0.05) affecting the responses are presented
in Eq. (4.5-4.8).

IPM- 9 mL/min.
% 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = 68.26 + 1.87 × 𝐵 + 2.48 × 𝐶 − 2.76 × 𝐵 2 − 4.94 × 𝐶 2

(4.5)

% 𝑓𝑙𝑢𝑥 𝑑𝑒𝑐𝑙𝑖𝑛𝑒 = 0.8842 − 3.61 × 𝐵 − 2.17 × 𝐶

(4.6)

IPM- 21 mL/min
% 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = 43.39 − 2.62 × 𝐵 − 2.62 × 𝐴𝐵 − 1.72 × 𝐴𝐶

(4.7)

% 𝑓𝑙𝑢𝑥 𝑑𝑒𝑐𝑙𝑖𝑛𝑒 = 15.29 − 2.29 × 𝐴 − 4.22 × 𝐵 − 2.72 × 𝐴𝐵

(4.8)
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To validate the statistical significance of the models, F-and P-values are commonly used
(Khayet et al., 2011). Table 4.4 shows the various parameters used to determine the
statistical significance of the regression model. P-values for all the models Eq (4.5-4.8)
were less than 0.05 with lowest value being 0.0059, indicating that the models are
statistically significant. Coefficient of regression (R2) was used to analyze the fit of
predicted model to the values obtained by experiments. The R2 values obtained for all the
models were > 0.91, which signifies the accuracy of the model (Xiao et al., 2017)
Based on the results, it can be seen that the percent removal of antipyrine decreased with
increasing the flow rate due to decrease in the reactor residence time. Also operating at
high permeate flow rate results in increasing the membrane fouling.

Table 4.4 ANOVA results for regression models
Initial Permeate Flow

9 mL/min

21 mL/min

(IPM)
ANOVA

% removal

% flux decline

% removal

% flux decline

R2

0.95

0.92

0.93

0.91

Standard deviation

1.51

1.96

1.56

2.64

F- value

12.86

5.99

8.37

5.70

P value

0.006

0.031

0.015

0.035

Mean

62.88

1.25

42.25

16.61
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4.4.4.2 Response surface curves and analysis
Figure 4.4 (a-d) shows the effect of airflow rate and frequency on % removal and % flux
decline for 9 mL/min of initial permeate flow. Increasing airflow rate and frequency had a
positive effect on % flux decline. An increment in frequency to 4.67 Hz and airflow rate to
1 LPM enhanced the flux across the membrane by 6-8%. The deposition of catalyst on
membrane surface decreases at higher oscillating frequencies and higher airflow rates due
to an increase in shear force on membrane surface as shown by Eq. 4.2 as well as due to an
increase in eddy fluctuation velocities. An increase in % removal of antipyrine was also
observed, which is expected due to an increase up to a certain level in the amount of catalyst
particles present in slurry than being deposited on the membrane. Slight decline in
antipyrine removal at frequency and airflow rate higher than 3.0 Hz and 0.5 LPM was seen.
This could be attributed to the increase in wakes leading to higher light scattering and lower
light penetration (Bogucki et al., 1994). No interaction effect of parameters on responses
was observed for 9 mL/min initial permeate flow.
Figure 4.5 depicts the single and interaction effects of process parameters on % removal
and % flux decline for 21 mL/min initial flow rate. In general, lower % removal and higher
% flux decline were expected at this flow rate compared to lower IPM= 9 mL/min due to
a lower hydraulic retention time (HRT) and higher flow across the membrane leading to
an increase in the catalyst deposition on the membrane. Interaction of amplitude and
frequency had a positive effect on flux enhancement, which was expected due to increased
shear rate on the membrane surface as shown in Figure 4.5 (c). The flux enhancement at
highest amplitude and frequency (20 mm, 4.67 Hz) was 14.67 % compared to lowest
amplitude and frequency (2 mm, 1.33 Hz).
At frequencies higher than 3.0 Hz, a slight decline in percent removal was noticed, as
shown in Figure 4.5 (b). This is probably due to the increased membrane flux due to lower
fouling at higher frequencies leading to a reduction in the hydraulic retention time (HRT).
For example, in experiment 14 (Table 4.3), the flux decline was 8.21 %, which corresponds
to 31.13 min HRT and in experiment 5, the flux decline was 21.73 % corresponding to
36.51 min HRT, thereby leading to a higher removal. A similar effect can be seen in Figure
4.5 (a, d), where interaction of parameters at higher operating conditions negatively
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affected the removal of antipyrine. However, it should be noted that the effect of parameters
on percent removal of antipyrine and flux decline was marginal due to the low ranges of
the variables used.

Figure 4.4 Response curves (Initial permeate flow= 9 mL/min): a) effect of frequency
on % flux decline ; b) effect of airflow rate on % flux decline; c) effect of frequency
of % removal; d) effect of airflow on % removal. (Dashed lines are RSM model fitted
to the experimental data)
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Figure 4.5 Response surface curves (Initial permeate flow= 21 mL/min): a) interaction effect
of amplitude and frequency on % flux decline; b) effect of frequency on % removal; c)
interaction effect of amplitude and airflow rate on % removal; d) effect of frequency and
amplitude on % removal. (Dashed lines are RSM model fitted to the experimental data)
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4.4.4.3 Multi-Response optimization and validation
Based on the model equations obtained from CCD design, composite desirability function
(Eq. (4.9)) was used to estimate a set of reactor operation parameters that maximizes the
% removal and minimizes the % flux decline, simultaneously (El-Taweel, 2008).
𝐷 = (𝑑1 ∗ 𝑑2 ∗ 𝑑3 … … . . )1/𝑛

(4.9)

Where, 𝑛 is the number of responses and 𝐷, refers to the composite desirability, which is
a geometric mean of individual desirability 𝑑𝑖 . 𝐷 ranges between 0 to 1, with 1 being the
ideal solution and 0 being the least preferred one. If it is desired to minimize an individual
response, 𝑑𝑖 is given by,
𝑑𝑖 = 0

𝑑𝑖 = [

𝑖 > 𝐻𝑖

(𝐻𝑖 − 𝑖) 𝑟𝑖
]
(𝐻𝑖 − 𝑇𝑖 )

𝑑𝑖 = 1

(4.10)

𝑇𝑖 ≤ 𝑖 ≤ 𝐻𝑖

𝑖 < 𝑇𝑖

(4.11)
(4.12)

If it is desired to maximize an individual response, 𝑑𝑖 is then given by:
𝑑𝑖 = 0

𝑑𝑖 = [

𝑖 < 𝐿𝑖

(𝑖 − 𝐿𝑖 ) 𝑟𝑖
]
(𝑇𝑖 − 𝐿𝑖 )

𝑑𝑖 = 1

(4.13)

𝐿𝑖 ≤ 𝑖 ≤ 𝑇𝑖

𝑖 > 𝑇𝑖

(4.14)
(4.15)

In which, 𝑖 is the value of the predicted 𝑖 𝑡ℎ response, 𝐿𝑖 is the lowest acceptable value for
𝑖 𝑡ℎ response, 𝐻𝑖 is the highest acceptable value for 𝑖 𝑡ℎ response, 𝑟𝑖 is the weight of
desirability function of 𝑖 𝑡ℎ response and 𝑇𝑖 is the target value of 𝑖 𝑡ℎ response.
The optimized parametric values of the amplitude, frequency and airflow rate for reactor
operation were obtained from composite desirability analysis and their agreement with
experimental results are presented in Table 4.5. In composite desirability analysis, solution
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with the highest value of desirability (D) is chosen. For IPM 9 mL/min, D was 0.95, which
represents that the solution is highly desirable, while for 21 mL/min, D was only 0.60,
which represents that both parameters can’t be optimized at the same time. This is in
accordance with the results obtained from the response surface analysis. For 21 mL/min,
the removal was lower at frequency of 4.67 Hz compared to 3.0 Hz and 1.33 Hz.
Experiments were performed at amplitude (A), frequency (B) and airflow rate (C) obtained
from composite desirability optimization and results are presented in Table 4.5, and the
responses obtained from optimization matched with the experimental results. The
experimental values agree with the values obtained from optimization, which further
increases the confidence in the data obtained in CCD analysis (Table 4.3).

Table 4.5 Optimized parameters of operation from composite desirability analysis
using antipyrine
Optimized parametric values

IPM

Optimized

% flux

% removal

Frequency

(mm)

(Hz)

(LPM)

9

2

4.67

0.65

67.74

-4.62

67.65

-0.064

0.95

21

20

3.0

0.10

45.71

15.20

45.41

16.49

0.60

decline
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% flux

D

Amplitude

(mL/min)

Airflow % removal

Experimental

decline

4.4.5 Effect of water matrix on removal of micropollutants
4.4.5.1 Milli-Q- water: control studies and photocatalysis
Figure 4.6 (a) shows the micropollutants adsorption on TiO2 and its membrane rejection in
absence of UV light. The initial concentration of the micropollutants was kept at 4 mg/L.
Initial pH of AP (pKa= 1.45), SMX (pKa = 1.85, 5.6), DCF (pKa = 4.15), and HCZ (pKa
= 7.9) solution was 6.98, 7.02, 7.03 and 7.03, respectively. Dark adsorption on TiO2
experiments were conducted in batch mode and membrane rejection of the micropollutants
experiments were conducted in the reactor in continuous flow mode with no catalyst in the
system. The PVDF membrane surface is hydrophilic (Breite et al., 2015), however,
diclofenac with log Kow = 4.15 showed the highest removal of an average of 26% by the
membrane itself. At pH 7.0, DCF will be mostly deprotonated and adsorbed on the
hydrophilic surface. Removal of HCZ, AP and SMX by dark adsorption on TiO2 and
membrane was not significant (around 7.5%).
Figure 4.6 (b) shows the % removal of micropollutants (initial concentration= 4 mg/L)
during photocatalysis at two different IPMs. The optimum operating values for the
amplitude, frequency and airflow rate as determined in Table 4.5 were used in these
experiments. Antipyrine had the lowest removal of 67%, while sulfamethoxazole and
hydrochlorothiazide removal was 90% and 89%, respectively and diclofenac removal was
87%. A similar trend was seen in the removal of micropollutants at higher flow rate.
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a)

b)

Figure 4.6 a) Control studies characterizing removal of micropollutants by
adsorption and membrane rejection, b) removal of micropollutants at optimum
conditions (optimum condition : 9 mL/min IPM- (2 mm, 4.67 Hz, 0.65 LPM); 21
mL/min IPM- (20 mm, 3.0 Hz, 0.10 LPM). (All experiments were conducted in
duplicates and average is reported)
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4.4.5.2 Humic acid and secondary wastewater effluent (SWE)
a) Dark reaction and photolysis
In order to characterize the adsorption of humic acid

on TiO2 and degradation by

photolysis, dark reaction and photo-experiments were conducted in the reactor in batch
mode (initial concentration = 10 mg/L; TOC = 4 mg/L). Figure 4.7 shows the effects of
dark adsorption and photolysis on humic acid removal. Photolysis had no significant effect
on degradation of humic acid with only 3% removal. Inadequate light intensity could be
the reason of absence of any photodegradation of humic acid in our case. About 94 % of
humic acid was adsorbed on the surface of TiO2 particles within first 15 minutes and
remained constant throughout the experiment. The adsorption of humic acid on TiO2 is
attributed to the presence of free carboxylic and phenolic groups in humic acid (pKa= 1.1211.44), which attached to the TiO2 surface by electrostatic attraction and cover the catalyst
particle (Wiszniowski et al., 2002; Jayalath et al., 2018). An earlier study indicated that
50% humic acid (initial concentration= 10 mg/L) degradation occurred when a lamp power
of 125 W was used (Bekbolet et al., 2003), which is significantly higher (~10 times)
compared to the lamp power (13 W) used in this study.

Figure 4.7 Dark adsorption of humic acid on TiO2 and batch photolysis.
(All experiments were conducted in duplicates and average is reported)
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b) Photocatalysis and membrane fouling
The effects of oscillation and catalyst on the removal of humic acid at different initial
permeate flow rates are presented in Table 4.6. Removal of humic acid by membrane was
55 % and 37 % for 9 and 21 mL/min, respectively. Addition of catalyst enhanced the
removal of humic acid significantly primarily due to adsorption on TiO2. No noticeable
difference in removal occurred when the UV light was switched on, indicating no
photodegradation of humic acid occurred in the continuous SPMR. As expected, decline
in membrane flux in presence of catalyst was higher due to the fouling by both humic acid
and TiO2 particles. Fouling was not significant (~ 5%) in case of 9 mL/min IPM but was
approximately 15 % higher for IPM of 21 mL/min, which is similar to the case of Milli-Q
water. The flux was slightly enhanced by 3-4 % in presence of oscillations. A higher flux
decline at 21 mL/min IPM was due to increased fouling at higher permeate flow rate.
Table 4.6 Humic acid removal in presence and absence of catalyst and the effect on
membrane fouling
Initial
Experiment TiO2 Frequency Amplitude Airflow
Permeate
no.
Conc.

%

%

Removal

flux
Decline

55.02

1.85

54.34

0.22

Flow
(ml/min)

9

21

(g/L)
(Hz)
0

(mm)

(LPM)

1

0

2

0

4.67

3

0.67

0

92.54

5.01

4

0.67

4.67

92.64

2.18

5

0

0

37.46

10.55

6

0

3.0

37.79

10.89

7

0.67

0

84.52

29.64

8

0.67

3.0

84.96

25.34

2

20
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0.61

0.10

c) Effect of humic acid and secondary wastewater on the removal of
micropollutants
Figure 4.8 (a) shows the effect of humic acid on degradation of micropollutants. Three sets
of experiments were conducted, including batch dark reaction and photocatalytic
experiments at optimized conditions for 9 and 21 mL/min permeate flow rates. It was
observed in section 4.4.5.2 (a) that humic acid was completely adsorbed on the TiO2 surface
thus reducing the active sites on the catalyst. No degradation of antipyrine and diclofenac
was observed in presence of humic acid. Degradation of SMX was significantly lower
compared to Milli-Q water, and only 30 % and 12 % removal occurred for 9 and 21 mL/min
IPM, respectively. Degradation of HCZ was also significantly lower and was 11 % and
4.22% for 9 and 21 mL/min initial permeate flows, respectively. Since, no
photosensitization effect of humic acid was seen in the batch kinetics, it is possible that
removal of SMX and HCZ might have occurred due to adsorption on the combined layer
of humic acid and TiO2 on the membrane surface.
As expected, the removal of micropollutants in secondary wastewater matrix was lower
compared to Milli-Q water. An increased agglomeration of TiO2 particles in wastewater
matrix was seen. In addition, presence of other organics and colloidal particles compete
with micropollutants for the catalyst sites. No degradation of antipyrine was seen in
secondary wastewater, although SMX and DCF removal varied from 28%-45%, and 38%65% at 21 mL/min and 9 mL/min, respectively. Interestingly, the effect of secondary
wastewater matrix was lower in case of DCF than SMX possibly due to higher rejection of
DCF by membrane due to its high log Kow. The removal of HCZ could not be quantified
due to interference in the GC-MS analysis in wastewater matrix. No additional decline in
flux was noticed for 9 mL/min in case of SWE and 14 % flux decline was seen in case of
IPM equal to 21 mL/min, which was similar to the case in Milli-Q water. The soluble and
colloidal constituents in secondary effluent did not contribute to membrane fouling
significantly in the operation period.
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Figure 4.8 Micropollutant removal in a) presence of humic acid as background organic
and in b) presence of secondary wastewater. (All experiments were conducted in
duplicates and average is reported)

4.5 Conclusions and recommendations
In this study, the performance of a photocatalytic oscillatory membrane reactor for the
removal of micropollutants in different water matrices was characterized. The effects of
oscillation amplitude and frequency as well as the aeration rate were investigated in a
continuous mode at two different fluxes (155.7 and 363.3 L/m2-hr). A process model based
on response surface methodology was developed to determine optimum conditions, which
were validated by experimental data. A multi-response optimization based on composite
desirability indicated that operating at a lower flux (155.70 L/m2-hr) was better for both
removal of micropollutants and flux decline. The maximum removal of the micropollutants
occurred at oscillation amplitude and frequency of 2 mm and 4.67 Hz, respectively, and at
air flow rate of 0.65 LPM, TiO2 concentration of 0.67g/L, and incident light irradiance of
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1.54 mW/cm2. The maximum removal of micropollutants followed the order of
sulfamethoxazole (90%) > hydrochlorothiazide (89%) > diclofenac (87%) > antipyrine
(68%). Compared to amplitude, oscillation frequency had stronger effect on the reactor
performance, and the membrane fouling. Removal of micropollutants was significantly
affected in presence of humic acid due to strong adsorption of humic acid on TiO2, but the
removal was not significantly affected in secondary wastewater. Membrane oscillation
with aeration proved to be effective in reducing fouling and enhancing membrane flux
compared to only aeration. Process intensification was achieved in the oscillatory
photocatalytic membrane reactor, which can be used for tertiary treatment of water for
water recycling.
Future development of the proposed design configuration can be in the form of modular
membrane systems. While the present laboratory setup uses an externally driven oscillatory
mechanism, an industrial scale commercial system could involve properly designed springdrive to oscillate the membrane and maximize energy recovery, which would enhance the
overall process economics. In addition, composite or mixed matrix membranes with high
adsorption capacity can also be used to further enhance the process efficiency.
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Chapter 5
5

Performance characterization of a hybrid adsorptivephotocatalytic (APC) oscillatory membrane reactor for
micropollutant removal

Abstract
In order to reduce the operating cost and plant footprint, process intensification (PI) of
tertiary treatment technologies is needed for recycling various effluents. In this study, the
performance of a hybrid adsorptive-photocatalytic (APC) oscillatory membrane reactor
was characterized by quantifying the degradation/ removal of diclofenac (DCF) as a model
pollutant. The intensification effect is achieved through the synergy of a hybrid
photocatalysis, activated carbon (AC) adsorption and membrane separation combined with
flow modulation in a single unit. Commercial TiO2 nanoparticles were used as a
photocatalyst, while AC was immobilized onto a stainless steel (SS) mesh beneath
microfiltration (MF) membrane, were used as pollutant adsorption and separation media,
respectively.
Initially, the individual effect of AC adsorption and photocatalysis on the reactor
performance was quantified and subsequently, the combined effect of AC adsorption and
slurry photocatalysis in the hybrid configuration was evaluated. In addition, a degradation
pathway for DCF removal was proposed. The APC configuration provided significant
process enhancement with up to ~ 2.5 fold increase in DCF removal compared to the
removal obtained using AC adsorption or photocatalysis alone. The electrical energy per
unit order (EEO) for the process was estimated as ~ 2.2-4.4 $/m3. A decline in system
performance was noticed after extended hours of continuous operation (~ 100 hours)
mainly due to saturation of AC coating and decrease in photocatalytic efficiency of TiO2
due to formation of degradation byproducts. Both the smaller footprint of the design
combined with the hybrid configuration and flow modulation can provide an effective PI
approach for tertiary treatment for water recycling.
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5.1 Introduction
A vast array of harmful micropollutants (MPs) namely pharmaceuticals, personal care
products (PPCPs) is constantly being detected in global water resources in the
concentration range ng/L-µg/L (Benner et al., 2013; Tröger et al., 2018). These
contaminants are of significant concern due to their toxicity, high recalcitrance to
degradation in aquatic environments and bioaccumulativity (Zhong et al., 2019; Yan et al.,
2019). Diclofenac, used as a model compound in this study, is a nonsteroidal antiinflammatory drug frequently found in water as monosodium salt and has been classified
to the list of pharmaceuticals that exhibit potential environmental risk in aquatic system
(Andrea et al., 2018; Zhou et al., 2019; Bhadra et al; 2016).
Amongst various advanced oxidation processes (AOPs), heterogeneous photocatalysis has
proved to be a powerful technique for treating MPs (Sudha and Sivakumar, 2015). With
many attempts made to develop and engineer effective semiconductor materials for
photocatalytic applications, TiO2 still has retained the central attention when it comes to
practical applications of photocatalysis. This is primarily due to cost (~ 1 $/kg), robustness
and non-toxic nature (Loeb et al., 2019). In addition to aforementioned advantages, the insitu hydroxy radicals produced in TiO2 photocatalysis can non- selectively mineralize most
of the organic compounds, thereby making it suitable for water recycling purposes.
For photocatalytic water treatment, immobilized and slurry TiO2 configurations have been
widely reported (Awfa et al., 2018). Immobilization of photocatalyst can eliminate the
post-treatment recovery of spent catalyst and better illumination of the entire catalyst
surface can be achieved. However, mass transfer limitations in immobilized systems
decrease their overall efficiency and thereby affect their full scale implementation (Dijkstra
et al., 2001). While remarkably high mass transfer rates are achieved in slurry systems
(Teixeira et al., 2017), the depth of UV radiation penetration is limited because of
adsorption/scattering of light by the catalyst (Dijkstra et al., 2001). Furthermore, large scale
applications of slurry reactors are limited due to problems such as catalyst agglomeration
and degradation, and water/catalyst separation (Fu et al., 2006). Use of submerged
membrane/s in a slurry photocatalytic reactor, also called as submerged photocatalytic
membrane reactors (SPMRs) emerged as a promising approach that provides a synergistic
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way to remove trace pollutants (Mozia, 2010) without requiring to separate TiO2 after
treatment.
Several configurations of SPMRs using microfiltration (MF) and ultrafiltration (UF)
membranes in have been reported in the literature (Mozia, 2010). The challenge facing
most of these designs however is membrane fouling mainly due to catalyst particles,
background organics (in water) or both (Pidou et al., 2009). Fouling not only increases the
pumping energy requirement but also decreases the reactor degradation efficiency
primarily due to a lower fraction of catalyst available in slurry for reaction. Some fouling
mitigation strategies reported in literature include feed pre-treatment (Tian et al., 2010;
Zheng et al., 2009), membrane modification (Fateh et al., 2013; Djafer et al., 2010), and
aeration (Chin et al., 2006; Jiang and Choo, 2016). While feed pre-treatment is used to
control fouling due to background organics in water, membrane modification and aeration
can be used to mitigate membrane fouling due to catalyst deposition. Aeration, depending
on the design of the system and permeate flow rate, can significantly vary and thereby
increase the cost of overall process. In a study by Chin et al. (2006), increasing the aeration
rate from 0.5 to 4 LPM had no impact on enhancing bisphenol-A (BPA) degradation. A
similar effect was noticed by Jiang and Choo (2016) wherein, increasing the aeration from
0 to 2 LPM lead to reduced membrane fouling but no enhancement in TOC removal was
found. This drives the need for process intensification (PI) approach that can effectively
mitigate membrane fouling and simultaneously achieve higher removal of pollutants.
Two approaches have been recognized as effective PI strategies. These include flow
modulation, and hybrid reactor design. The first involves imposing additional component
to the fluid velocity vector through for example rotation or oscillation, which can enhance
the transport phenomena as well provide extra degree of freedom for a reactor residence
time. The second approach involves integration of two or more-unit operations to achieve
the synergy of both techniques.
In this study, a PI approach which combine both strategies is proposed for tertiary treatment
and removal of trace contaminants. Herein, a “submerged hybrid-adsorptive photocatalytic
oscillatory membrane reactor” is reported. In this design, an oscillatory membrane provides
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a flow modulation and eddy generation near the membrane, which alleviate membrane
fouling and keep more catalyst in suspension. The hybrid design involves combining both
membrane separation and photocatalysis with an added adsorption operation using
activated carbon (AC), all in one unit. AC adsorption has been known as an effective
technique for removal of micropollutants, organic compounds, heavy metals, humic acid
etc. from various wastewater matrices (Rocha et al., 2020). Such combination in presence
of oscillatory flow is thought to achieve synergy of all techniques, thus can provide a
promising PI approach for the water treatment industry.
In specific, this study aims at analyzing the combined effect of adsorption and
photocatalysis in presence of oscillatory modulated flow on the reactor performance for
degradation of diclofenac sodium salt (DCF) as a model micropollutant. The effects of AC
coating, membrane oscillation and photocatalysis on the % DCF and TOC removal, as well
as the transmembrane pressure drop (TMP) were determined. Initially, experiments were
conducted to quantify the effect of the AC coating density on the reactor performance. The
coating saturation time and adsorption capacity were also quantified. Subsequently, the
effect of oscillations on the reactor performance was determined. Optimum reactor
operating parameters were chosen and then the combined effect of AC and photocatalysis
were analyzed. Lastly, electrical energy per order (EEO) and operational cost of the process
was calculated. Details of the experimental setup, experiments conducted, and other
relevant information are mentioned in the following sections.

5.2 Materials and Methods
5.2.1 Materials
The PVDF flat sheet membranes (Microdyn Nadir; pore size-0.22 µm) used in this work
were obtained from Sterlitech Corporation, USA. The use of a MF compared to UF
(ultrafiltration) or NF (nanofiltration) membranes is based on lower material cost as well
as reduced TMP and pumping energy. The AC used was an extruded activated charcoal
pellets (Norit ROW 0.8 SUPRA; CAS NO: 7440-44-0), purchased from Sigma-Aldrich,
Canada. TiO2 nanoparticles (21 nm, purity-99.5 %, product no.- 718467) and diclofenac
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sodium salt (DCF) used as a model compound were purchased from Sigma-Aldrich,
Canada. The properties of the model compound are shown in Table 5.1. All solutions were
prepared using Milli-Q water (pH-6.2; 18.2 Ω; Millipore Water Systems, USA).
Table 5.1 Properties of Diclofenac Sodium Salt
Model Compound

log Kow

H2O

pKa

MWt

Solubility
(g/mole)
(mg/L)

4.26a

4.82a

4a

318.1a

C14H10Cl2NNaO2
a

-data obtained from DRUGBANK (available at: https://go.drugbank.com/salts/DBSALT000466)

5.2.2 Methods
DCF concentration was determined by UV-VIS-NIR spectrophotometer (Shimadzu UV3600) at wavelength of 276 nm (Andrea et al., 2018). Total organic carbon (TOC) was
analyzed using TOC analyzer (Shimadzu TOC-VCPN analyzer) with an ANSI-V auto
sampler. Permeate turbidity was measured using a HACH 2100N turbidimeter, while pH
was measured using Oakton pH meter (Eutech Instruments, IL, USA). Slurry samples were
examined using an optical microscope.
Bruker microOTOF 11- ESI/MS was used to identify DCF degradation by-products. In
order to prepare sample for ESI/MS analysis, 80 mL of slurry obtained after 100 hours of
photocatalytic experiment was centrifuged at 3000 RPM for 15 minutes. Supernatant (50
mL) from the centrifuged sample was filtered using 0.45 µm glass microfiber filter paper
and subsequently subjected to liquid-liquid extraction to extract the reaction by-products
from the aqueous filtrate (50 mL) to solvent phase (Dichloromethane-50 mL) in a single
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step. Subsequently, the DCM was evaporated under a gentle stream of nitrogen using a
turbo-evaporator (Heidolph, Germany) set at a heating bath temperature of 50 ℃ to obtain
1 mL of final sample for ESI/MS analysis. Samples were analyzed for m/z ranging between
50-400 in both negative and positive ion polarity.

5.2.3 Membrane Integrity
Initial membrane integrity tests were performed to confirm catalyst conservation in the
system. An experiment was conducted for 12 hours at permeate flow rate-15 mL/min and
TiO2 concentration- 0.67 g/L (this concentration was found to be optimum in our earlier
study, Gupta et al., 2021). The permeate turbidity was measured overtime and was always
found < 0.3 NTU, indicating that the catalyst was not breaking through the membrane
assembly.

5.2.4 Experimental setup and methodologies
Adsorption and photocatalytic experiments were conducted in an oscillatory membrane
reactor shown in Figure. 5.1a. The setup is comprised of a Plexiglas rectangular cell (26.2
cm x 14 cm x 2.3 cm) housing an aluminum membrane module (14.7 cm x 6 cm x 1.4 cm)
(Fig. 5.1b). The later holds two circular 47 mm flat sheet PVDF with pre-cut 47 mm
circular stainless steel (SS) mesh for AC (Figure. 5.1c). The filtration assembly was tapered
at the bottom to reduce form drag.
The membrane module was oscillated at variable amplitude and frequency using an
adjustable eccentric driven by a variable speed motor. The rotational speed was calibrated
using a tachometer, while amplitude was determined using a micrometer. Airflow was
provided using a sparger located at the bottom of the cell and controlled using a rotameter.
An optimized aeration rate of 0.5 LPM was used for all the experiments (Gupta et al.,
2021). UV irradiation (365 nm) was provided by a 13 Watt UV-A lamp (GE-GX 23) placed
in front of a quartz window located along the side (thickness) of the reactor and hence
geometrical thickness is equal to the thickness of reactor i.e. 2.3 cm. The rectangular cell
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and the module were connected to separate peristaltic pumps (Masterflex L/S-7518-60)
driven by a variable speed motor for feeding DCF and withdrawing permeate.

Figure 5.1 (not to scale). showing a) experimental setup; b) membrane module;
c) SS mesh-AC-membrane assembly
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5.2.4.1 AC coating procedure and adsorption experiments
Granular Activated Carbon (GAC) pellets were ground followed by sieving to obtain AC
fine particles size between 106-125 µm. The obtained fines were evenly dispersed in MilliQ water using a magnetic stirrer and sonicated for 60 minutes followed by filtration using
43 µm pore size SS mesh. The filtered particles were dried in an oven overnight at 100 °C
and stored in a desiccator.
The pre-cut 47 mm circular SS meshes for the filter assembly were coated with predefined
amount of AC particles using the standard dead-end vacuum filtration technique. The
meshes were then placed in the module and the 47 mm circular PVDF membranes were
placed on top. The assembly was sealed around the edges using washers and C-clips.
Before every experiment, Mill-Q water was passed through the PVDF-AC-SS mesh
assembly until the TOC of the permeate water was nearly equal to that of the Milli-Q water
(0.15-0.2 mg/L). Adsorption experiments were performed in a flow through system as
shown in Figure 5.1a at various AC coating densities (0-23.04 mg/cm2). Initial DCF
concentration (C0) was kept at 4 mg/L for all experiments. The membranes flux (J) was
kept constant ~ 264±1.76 L/m2-hr (or flow rate- 15±0.1 mL/min). The % DCF removal, %
TOC removal and ΔP were analyzed over time.

5.2.4.2 Photocatalytic reactor startup and experiments
Prior to every photocatalytic experiment, a dark adsorption of DCF on TiO2 was conducted
by magnetically stirring 600 mL TiO2-DCF slurry in a separate flask for 24 hrs. Optimized
TiO2 concentration (0.67 g/L) (Gupta et al., 2021) and initial DCF concentration (4 mg/L)
were kept constant for all the experiments in this study. Under dark reaction conditions,
41.55 ± 0.25 % DCF was adsorbed on TiO2. Subsequently, the entire slurry was transferred
to the reactor and aerated for 10 minutes at 0.5 LPM. Before switching the UV light on,
the reactor was operated in a semi-batch mode for 3 hours at pre-defined oscillation
frequency  and amplitude a, until a stable trans membrane pressure drop (TMP) was
established at hydrodynamic equilibrium. This indicated that there was no further catalyst
deposition on the membrane at the given operating condition and the rate of catalyst
particle transport towards the membrane (mainly stokes drag) was equal to rate of catalyst
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transport away from the membrane surface, mainly due to the oscillatory motion. The %
DCF and TOC removals and ΔP were analyzed overtime. Table 5.2 provides a summary
of the experiments performed in this study.
Table 5.2 Summary of the experiments performed (with experimental parameters)
Experimental Parameters
TiO2

C0

Aeration

J

UV

𝑎

𝜔

(mg/L)

(mg/L)

(LPM)

(L/m2-h)

(ON/OFF)

(mm)

(Hz)

0.0-23.04

0.0

4.0

0.0

264 ±1.76

OFF

No Oscillation

0.0

0.67

4.0

0.5

264 ±1.76

ON

0-6

0-11.34

5.76

0.67

4.0

0.5

264 ±1.76

ON

6

6.67

AC Coating
Experiment

Density
(mg/cm2)

AC
Adsorption

Photocatalysis

Photocatalysis
+
AC adsorption
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5.3 Theory
5.3.1 AC coating adsorption
The AC coated SS adsorption performance in a flow-through system was evaluated by
plotting the % DCF removal with time (h) at different coating densities. The amount of
DCF adsorbed (𝑞𝑡 ) between time t1 and t2, is given by (Huang et al., 2017):
𝐽𝐴𝑚𝑒𝑚 𝐶0 𝑡2
𝑞𝑡 (𝑚𝑔) =
∫ (% 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 )𝑑𝑡
100
𝑡1

(5.1)

In equation 5.1, t is the time in hours and the % removal is represented by
% 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = (1 −

𝐶(𝑡)
) × 100
𝐶0

(5.2)

Where 𝐶𝑜 is the initial pollutant concentration at the inlet; 𝐶(𝑡) is the concentration of the
pollutant in the permeate at time t. The AC adsorption capacity (𝑞𝐴𝐶 ) can be evaluated as
(Huang et al., 2017):
𝑚𝑔 𝐷𝐶𝐹
𝑞𝑡
)=
𝑞𝐴𝐶 (
𝑔 𝐴𝐶
𝑎𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐴𝐶 𝑢𝑠𝑒𝑑 𝑖𝑛 𝑔

(5.3)

𝑞𝑡 was calculated between t=0 and saturation time for different AC coating densities.
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5.3.1.1 Dynamic adsorption modelling
Continuous adsorption process design requires prediction of concentration-time profile
(Han et al., 2009). In this study, dynamic adsorption behavior was analyzed using AdamsBohart, Yoon-Nelson and Thomas model as described below.

a) Adams-Bohart model
According to Adams-Bohart model, the rate of adsorption is controlled by external mass
transfer and equilibrium is not instant (Bohart and Adams, 1920). The linearized version
of this model is shown in equation 5.4:
𝑙𝑛 (

𝐶(𝑡)
𝑧
) = 𝐾𝐴𝐵 𝐶0 𝑡 − 𝐾𝐴𝐵 𝑁0
𝐶0
𝐹

(5.4)

Where, 𝐶0 and 𝐶(𝑡) are mentioned in section 5.3.1; 𝐾𝐴𝐵 is the Adams-Bohart rate constant
(L mg-1 h-1); 𝑁0 is the saturated adsorption capacity per coating volume (mg/L); F is the
linear flow velocity (m/h) and z is the thickness (m) of AC coating and is determined as
mentioned:
𝑧=

𝐶𝑜𝑎𝑡𝑖𝑛𝑔 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
𝜌𝐴𝐶 × 100

(5.5)

Here, density (𝜌𝐴𝐶 ) of AC is 2000 kg m-3 (https://pubchem.ncbi.nlm.nih.gov/). The mass
transfer coefficient (𝐾𝐴𝐵 ) is determined from the slope of a linear plot between 𝑙𝑛 (
vs 𝑡.

97

𝐶(𝑡)
𝐶0

)

b) Yoon-Nelson model
Yoon-Nelson model is a relatively simpler model and doesn’t require data related to
adsorbate, absorbent or parameters relevant to AC coating (Gupta and Garg, 2019). The
linear form of the model is presented in equation 5.6:
𝐶(𝑡)
) = 𝐾𝑌𝑁 𝑡 − 𝐾𝑌𝑁 𝜏𝑌𝑁
𝑙𝑛 (
𝐶0 − 𝐶(𝑡)

(5.6)

Where 𝐾𝑌𝑁 is the Yoon-Nelson rate constant (h-1) and 𝜏𝑌𝑁 (h) is the time required for 50
% adsorbate breakthrough.

c) Thomas Model
Thomas model is another fixed-bed adsorption model and developed on the following
assumptions: a) adsorption is limited by mass transfer at the interface and not limited by
chemical interaction between pollutant and adsorbent; b) experimental data follow secondorder kinetics and Langmuir isotherm (Thomas, 1944). The linear form of Thomas model
can be expressed as:
𝐶0
𝐾𝑇𝐻 𝑞𝑇𝐻 𝑊
𝑙𝑛 (
− 1) =
− 𝐾𝑇𝐻 𝐶0 𝑡
𝐶(𝑡)
𝐹𝐴𝑚𝑒𝑚

(5.7)

Where 𝐾𝑇𝐻 is the Thomas rate constant (L mg-1 h-1); 𝑞𝑇𝐻 is equilibrium adsorption capacity
(mg/g); 𝑊 is mass of AC used (g); 𝐹 and 𝐴𝑚𝑒𝑚 are described earlier.

5.3.2 Kinetics of micropollutant degradation (photocatalysis)
The SPMR configuration in Figure 5.1a is assumed to be well-mixed and the photocatalytic
reactor performance in absence of AC was determined by (Levenspiel, 1999):
𝐶
𝑘 ′ 𝜏𝑅
% 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 = (1 − ) × 100 = [1 − (
)] × 100
𝐶0
1 + 𝑘 ′ 𝜏𝑅

(5.8)

Where, 𝑘′ is the apparent first-order rate constant (min-1) for the micropollutant, 𝐶 is the
concentration of the pollutant in the permeate at steady state and 𝜏𝑅 is the residence time
(min) in the reactor, which was estimated as ~ 39.2 min.
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5.3.3 Hydrodynamics
The oscillatory velocity for a flat surface oscillating harmonically with angular frequency
𝜔(1/𝑠) and an amplitude 𝑎 (𝑚), is given by (Schlichting, 1979):
𝑢 = 𝑢𝑜 cos 𝜔𝑡

(5.9)

The maximum shear stress on the oscillating membrane surface is given by (Gomaa et al.,
2011):
0.5
𝜏0 = 𝑎𝜔 3/2 𝜌𝑙𝑖𝑞 𝜗25℃

(5.10)

Where 𝜌𝑙𝑖𝑞 is the density of the slurry and 𝜗 is the kinematic viscosity of the slurry. It can
be concluded from Eq. (5.10) that the maximum shear stress (𝜏0 ) on an oscillating flat
surface is proportional to 𝜔 3/2 compared to the power of 1 for amplitude (𝑎), indicating
that the frequency has a more profound effect on the shear stress at the membrane surface.

5.3.4 Power Demand
The main power requirements (𝑃𝑇𝑜𝑡𝑎𝑙 ) for the oscillatory membrane photocatalytic reactor
used in this investigation are: UV light power (𝑃𝑈𝑉 ); power to move the membrane
assembly (𝑃𝐼 ); power dissipated to the fluid due to the drag and the fluid friction losses
(𝑃𝐷 ) and pumping power (PP). The latter is mainly needed to overcome the pressure drop
(ΔP) across the membrane with total area (𝐴𝑚𝑒𝑚 ) and is given by (Gomaa et al., 2013):
𝑃𝑝 = 2.7 × 10−4 ∆𝑃𝐽𝐴𝑚𝑒𝑚

(5.11)

The average power required (PI) to move the membrane assembly with material density
𝜌𝑠𝑜𝑙𝑖𝑑

and mass 𝑚 over an oscillatory cycle T=π/2ω can be determined from a force

balance as (Gomaa et al., 2013):

𝜌𝑙𝑖𝑞
1 𝑇
𝑑𝑢
)] 𝑢𝑑𝑡|
𝑃𝐼 = | ∫ [𝑚
− 𝑚𝑔 (1 −
𝑇 0
𝑑𝑡
𝜌𝑠𝑜𝑙𝑖𝑑
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(5.12)

The average power dissipated to fluid due to drag and friction losses over a period T is
determined by (Gomaa et al., 2013):

𝑃𝐷 =

1 𝑇
∫ 𝐴
𝜏 𝑢𝑑𝑡
𝑇 0 𝑚𝑒𝑚 0

(5.13)

The total power required can be represented as:
𝑃𝑇𝑜𝑡𝑎𝑙 = 𝑃𝑈𝑉 + 𝑃𝑝 + 𝑃𝐼 + 𝑃𝐷 … … … … (5.14)

5.4 Results and Discussions
5.4.1 Membrane Saturation with DCF
Prior to coating the SS mesh with AC, a flow-through experiment was conducted to
quantify the DCF membrane adsorption (results are shown in Figure 5.2). Within the first
5 minutes of operation, ~36 % DCF (C0- 4 mg/L) was adsorbed on the pristine membrane.
The adsorption declined steadily to 2-3 % after three hours indicating membrane saturation
with DCF. Since pristine membrane adsorbs DCF (log Kow  4.26), a membrane presaturation was done before all experiments by passing the DCF solution through it for 3
hours. This ensured that the measured removals represent the actual performance of the
AC adsorption or the photocatalytic reaction under consideration.

5.4.2 DCF adsorption on AC: effect of coating density
An initial set of experiments was conducted for 12 hours for different coating densities
ranging from 0.72-23.04 mg/cm2 and the results are shown in Figure 5.2. On increasing the
coating density, the initial removal of DCF within first 5 minutes increased from ~ 25% to
77% then declined slowly over the operation period. Intuitively, such observation is
attributed to the increase in the AC surface area for higher coating densities. Although a
thicker AC layer may also be expected to increase contact time, estimation of the later
showed to be significantly low. Accordingly, the main removal mechanism is likely
attributed to the instantaneous partition of DCF on AC due to its hydrophobic nature (log
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Kow  4.26). The pH of the feed solution was 6.2-6.3, indicating that DCF (pKa  4.0) was
deprotonated. The point-of-zero charge (pHzpc) of the AC used was found to be ~8.3 in an
earlier in-house study (Niasar et al., 2016), indicating that AC is positively charged at pH
6.2-6.3. Hence, electrostatic attraction was also another possible adsorption mechanism.

Figure 5.2 Effect of coating density (0-23.04 mg/cm2 ) on DCF
removal. (Experimental data points are fitted with a second order
polynomial represented by the dashed lines)

In a second set, experiments were performed at coating densities 5.76, 11.52 and 23.04
mg/cm2 to quantify the bed saturation time, 𝑞𝑡 and the adsorption capacity 𝑞𝐴𝐶 (Figure
5.3). Here, the bed saturation time is defined as the time at which the concentration of DCF
in permeate is ≤ 95 % of the initial concentration (Chen et al., 2012). The bed saturation
time at the three coating densities was 64, 102 and 160 hours, respectively. The average
𝑞𝐴𝐶 value obtained was 277.53 ± 13.47 mg DCF/g AC. The % TOC removal behavior was
similar (Figure 5.3b) where an almost linear decline with time was observed for the most

101

part. However, the % TOC removals were slightly lower than the % removal of DCF. This
could be due to some carbon leaching to the permeate or just baseline fluctuations of the
TOC analyzer. ΔP across the membrane was almost zero for coating density 5.76 mg/cm2,
while fluctuations between 2-5 kPa were recorded for the higher coating densities.

Figure 5.3 Overtime performance of AC coatings a) % DCF removal; b) %
TOC removal. Performance was analyzed at coating densities- 5.76 mg/cm2;
11.52 mg/cm2; 23.04 mg/cm2. (Experimental data points are fitted with a
second order polynomial represented by the dashed lines)
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Dynamic AC adsorption behavior was analyzed using Adam-Bohart, Yoon-Nelson and
Thomas mathematical model as described in section 5.3.1.1 a-c. The summary of the fitted
parameters is presented in Table 5.3.
Table 5.3 Yoon-Nelson, Adam- Bohart and Thomas model parameter for DCF
removal using coated AC
Coating

Yoon-Nelson Model

Density
K YN

R2

Adam-Bohart Model
K AB

R2

Thomas Model
K TH

R2

(mg/cm2)
(h-1)
5.76

0.0434

(L/mg-h)
0.95

2.55 × 10-

(L/mg-h)
0.93

0.0185

0.95

0.95

8.02 × 10-

0.98

3

11.52

0.0321

0.98

2.52 × 103

23.04

0.0201

0.96

1.9 × 10-3

3

0.96

5.02 × 10-

0.96

3

It can be seen from the R2 values in table 5.3 that all the three models fit the data relatively
well. On increasing the coating density from 5.76-23.04 mg/cm2, K YN , K AB, K TH declined
indicating that dynamic AC adsorption was limited by external mass transfer and chemical
interaction between AC-DCF was not limiting. It should be noted that these experiments
were conducted without oscillation and in absence of airflow.

5.4.3 Effect of oscillation (photocatalysis only)
In a submerged photocatalytic reactor without oscillations, the transverse permeate flow
directs the catalyst particles towards the membrane surface leading to formation of
particles/ cake layer on the membrane surface. This deposit not only increases pressure
drop across the membrane but also decreases the catalyst fraction in suspension, which
lowers the photocatalytic efficiency of the system. In comparison, membrane oscillation
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can provide significant advantage in terms of membrane cleaning and photocatalytic
efficiency. This is due to the development of eddy flow, particularly at shear reversal,
which could dominate most of the oscillatory cycle (Paul et al., 2009; Aguedal et al., 2018).
The generation of eddies and their break-up upon collision with catalyst particle in addition
to the shear stress acting at the membrane surface can result in “scouring” of the surface
and promote membrane cleaning. While, the magnitude of shear stress on the membrane is
dependent of oscillating frequency and amplitude (Eq. 5.10); oscillating at higher
frequencies could possibly lead to a higher number of eddy formation and breakup per unit
time, thereby enhancing membrane cleaning as seen in Figure 5.4. Furthermore, the
photocatalytic efficiency can also be enhanced due to higher amount of catalyst being
present in the slurry phase, thereby enhancing reaction rate.
Figure 5.4 a-d show the effect of oscillations on apparent first order rate constant 𝑘′, %
removal, ∆𝑃, and % TOC removal, respectively. As can be seen, the 𝑘′, % DCF removal
and % TOC removal increased, whereas ∆𝑃 decreased, with increasing both the oscillation
frequency and amplitude, with. At 𝜔 = 11.34 𝐻𝑧, the % DCF removal was enhanced by
~ 1.6-1.7 times compared to removal at no oscillation (Figure 5.4a), ~ 2.0-2.4 folds
enhancement in 𝑘′ (Figure 5.4b), as estimated using Eq. (5.8). Similarly, the TOC removal
was enhanced by a factor of ~2.5- 3 (Figure 5.4c).
The effect of oscillation on membrane fouling was measured in terms of the TMP. As
illustrated in Figure 5.4d, ∆𝑃 across the membrane declined from an average of 57 kPa to
~ 0 kPa, indicating an almost self-cleaning effect. This is attributed to the shear stresses
and formed eddies near the membrane promoting scouring of surface as mentioned earlier.
Furthermore, it can also be deduced from Figure 5.4 that increasing the oscillation
frequency has higher impact on particle re-suspension than the amplitude, which is also
predicted by Eq. (5.10).
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b)

a)

d)

c)

Figure 5.4 Effect of membrane oscillation on a) % removal of DCF; b) k' (DCF
degradation); c) % TOC removal; d) ∆P across the membrane. (Experimental data
points are joined using a spline represented by the dashed lines; All experiments were
conducted in duplicates and average is reported)
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5.4.4 Combined adsorption and photocatalysis
APC system is a multilayer intensification technique, wherein, the superior performance
efficiency of the reactor is achieved due to photocatalysis-oscillatory membrane filtrationAC adsorption working in tandem. While DCF rejection due to membrane was not
significant, membrane oscillations are crucial as they result in self-cleaning of the
membrane translating to a lower pumping energy requirement in comparison to a stationary
membrane. In addition, oscillations supplement in maintaining the photocatalytic
efficiency of the system by keeping catalyst in the slurry phase; hence more catalyst surface
area is available for reaction. However, it was seen that AC saturated over, indicating that
hydroxyl radical diffusion through AC pores was not significant. For a large scale
application, AC adsorption can be operated as a separate process downstream of oscillatory
membrane photocatalysis, but, this would require a larger plant footprint and incur
additional capital and operational cost. On the contrary, APC being a hybrid modular
system requires a lower plant footprint and a higher overall efficiency be achieved by
operating multiple modular systems in parallel.
Figure 5.5 compares the effect of AC adsorption, photocatalysis and the adsorptivephotocatalysis (APC) systems on the % DCF and TOC removal. The operating parameters
are listed in Table 5.2. As can be seen, % DCF and TOC removals are higher in case of
APC, where ~ 95% DCF and ~ 84% of TOC were removed in the first two hours compared
to ~ 43% and ~ 34% for only photocatalysis and ~56% and ~ 45% for only AC adsorption
within the same time period. Comparing the data, combining photocatalysis and AC
adsorption, the DCF removal was enhanced by a factor of 1.7-2.2 and the TOC removal by
a factor of 1.87-2.47. The ‘process intensification’ obtained by the integration of AC
adsorption, membrane oscillation and photocatalysis was quantified by evaluating an
intensification factor ′𝐸𝑖′ (Parrino et al., 2015), calculated using equation 5.15:
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𝐸𝑖 =

𝑟𝑎𝑡𝑒 𝑜𝑓 𝐷𝐶𝐹 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑢𝑠𝑖𝑛𝑔 𝐴𝑃𝐶
𝑟𝑎𝑡𝑒 𝑜𝑓 𝐷𝐶𝐹 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (𝐴𝐶) + 𝑟𝑎𝑡𝑒 𝑜𝑓 𝐷𝐶𝐹 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (𝑝ℎ𝑜𝑡𝑜𝑐𝑎𝑡. )

(5.15)

The extent of synergy primarily depends on ratio δ i.e. the ratio of two process
(photocatalysis and AC) carried out individually at the same operating conditions. The
value of 𝐸𝑖 and δ calculated for the studied system (Figure 5.5) was 1.24 and 0.22,
respectively. In a previous study (Cataldo et al., 2016), an optimum 𝐸𝑖 for a similar
absorptive-reactive system and was reported to be 1.15 at δ- 0.26 which is very close to the
values obtained in our study.
Assessment of the system performance over prolong operation period showed a decrease
in the removal efficiency of the APC. This is evident from Figure 5.5, wherein the %
removal (in case of APC) declined from an initial value of 95 to ~ 30 % after ~ 100 hours.
After 100 hours, DCF removal in case of APC was nearly similar to that of photocatalysis
indicating saturation of the AC coating. While saturation is expected overtime in case of
AC adsorption, it should be noted that partial photocatalytic mineralization of TOC reduced
the adsorption burden on AC coating, thereby increasing the AC saturation time and
enhancing the overall process efficiency. As seen in Figure 5.5, the saturation of AC
coating (in absence of photocatalysis) was ~ 66 hours while in case of APC was 100 hours.
This is approximately an enhancement of ~ 34 hours and reflects the synergy of the hybrid
configuration, wherein combination of AC and photocatalysis enhance DCF removal while
oscillations alleviate TiO2 membrane fouling. This demonstrates the effectiveness of APC
as a process intensification approach.
The observed TMP throughout the APC experiments ranged between 14-17 kPa. The pH
of the permeate varied from 5.8 to 6.3, while the feed solution pH ranged between 6.2-6.3
as shown in Figure 5.5. The slight decline in pH can be attributed to formation of acidic
intermediate compounds or hydrochloric acid (HCl) as a direct result of de-chlorination of
DCF. The observed decline in photocatalytic efficiency over time in both the APC and
photocatalysis experiments may be partially explained by the observed browning effect of
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the slurry, which increased with time resulting in increasing opacity of the suspension
(Figure A.1). The brown color of the reaction solution for DCF degradation had been
reported earlier (Keen et al., 2013; Agüera et al., 2005; Kanakaraju et al., 2014) and was
attributed to dimerization of the parent compound, parent compound-byproduct or
byproducts in presence of dissolved oxygen (Keen et al., 2013).
In addition, the change in color of the suspension, agglomeration of TiO2 was also observed
and could be another reason for the decline in photocatalytic efficiency of TiO2. The
agglomeration of TiO2 during photocatalysis was confirmed by examining the slurry after
both a dark and a photocatalytic reaction using an optical microscope as shown in Figure
A.2. Agglomeration was further confirmed by performing a 48-hour settling test to
compare the settling characteristics of the slurry after dark reaction and photocatalytic
experiment (Figure A.3). In case of photocatalysis, the slurry settled in first 6 hours of the
experiment (Figure A.3b), while the slurry obtained after dark reaction (Figure A.3a) barely
settled in 48 hours confirming agglomeration in case of the photocatalytic experiments. A
possible explanation to agglomeration could be due to the presence Na+ (from diclofenac
sodium salt), Cl- ion (from diclofenac) which could bind to the surface of TiO2, or
adsorption of byproducts like dimers on the TiO2 particles, which could have impact on
the net charge of TiO2 or polymer bridging, respectively, hence leading to agglomeration.
However, it should be noted that TiO2 agglomeration due to photocatalytic reaction will
depend on the type of compounds being treated.
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Figure 5.5 Comparison of AC adsorption, photocatalysis and APC on: a) % removal of
DCF; b) % TOC removal. AC adsorption: No Oscillation; coating density= 5.76 mg/cm2;
photocatalysis: a=6 mm; ω=6.67; TiO2:=0.67 g/L; APC: a=6 mm; ω=6.67; TiO2=0.67 g/L;
AC coating density= 5.76 mg/cm2. (Experimental data points are fitted with a second order
polynomial represented by dashed lines)

5.4.5 Degradation Mechanism of DCF
In order to confirm that photocatalysis actually occurred and the removal was not due to
only adsorption on membrane and AC, intermediates of DCF were analyzed. Figure 5.6
illustrates the possible degradation mechanisms involved in DCF photocatalysis. To
postulate the mechanism, the m/z values obtained using ESI-MS analysis (Figure A.4) were
compared with the literature in order to determine the structure of the by-products (Keen
et al., 2013; Agüera et al., 2005; Kanakaraju et al., 2014; Shi et al., 2019; Galmer et al.,
2005; Ivshina et al., 2019; Yu et al., 2013). Based on the proposed DCF potential
degradation mechanism, 7 transformation pathways can be seen, namely: hydroxylation,
dehydrogenation, decarboxylation, formylation, dechlorination, epoxide formation, and CN bond cleavage.
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Hydroxyl radical (𝑂𝐻 ∙ ) is the major reactant responsible for oxidation of organic
compounds in photocatalysis. In DCF degradation/transformation, hydroxylation of
aromatic ring (MW: 296 →312) and subsequent dehydrogenation (MW: 312 →310) forms
a resonance stabilized carbon-centered radical. Hydroxyl group increases the electron
density of the aromatic ring and hydroxyl radical addition is faster in such case (MW: 310
→326→342) (Yu et al., 2013). Resonance stabilized compounds (MW: 310, 326, 342) can
also form perepoxide like structure (MW-339) and then form a stable dimer with the parent
compound or with similar molecule (Keen et al., 2013).
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Figure 5.6 Proposed degradation pathway/s for DCF. MW: Molecular weight- g/mol
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5.4.6 Energy Consideration
Energy consumption is an important parameter not only to assess the performance of the
system at various operating conditions as it relates to the operational cost, but also to
optimize its mechanical design. Table 5.4 shows the energy consumption from the various
sources as mentioned in section 5.3.4. As can be seen, most of the total energy is consumed
by the UV light and only ~ 1 % is consumed by the oscillatory mechanism. For industrial
applications where larger oscillatory system will be needed, a properly optimized
mechanism will be required to minimize total energy consumption. This may include use
of lighter module material such as Teflon/ any other polymeric material and appropriately
designed spring system operating close to it resonant frequency. Another avenue for energy
saving is through use of more energy efficient light sources. Development of UV-LEDs as
an alternative to traditional UV lamps has made it possible to increase the photocatalytic
process efficiency in terms of their energy consumption (Reza et al., 2016; Ye et al., 2018;
Natarajan et al., 2011).
Table 5.4 Power Demand from various sources
Source

Required Power (W)

% of total energy

𝑃𝑈𝑉

13

~99

𝑃𝑃

0-0.01459

~ 0.1

𝑃𝐼

0-0.157

~1

𝑃𝐷

0-1.5×10-4

-

𝑃𝑇

13.01-13.10

n/a

5.4.7 Electrical Energy per order (EEO)
EEO is a simple figure-of-merit used for comparing the various advanced oxidation
processes (AOPs) and can be used to understand the operational cost (i.e. electrical energy)
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required by a process. Figure 5.7 shows the effect of oscillation on EEO, calculated using
equation (5.16) for a flow-through system (Bolton et al., 2001).

𝑃

𝐸𝐸𝑂 =
𝐽𝐴𝑚𝑒𝑚 log (

1
)
−2
1 − (10 × % 𝑟𝑒𝑚𝑜𝑣𝑎𝑙)

(5.16)

The EEO values calculated for this process, depending on the operating parameters, were
between ~ 55-109 kWh/m3/order. While the power requirements (𝑃𝑇 ) for the all
photocatalytic experiments was nearly 13 W (Table 5.4), the reduction in EEO by 50 % at
𝜔 of 11.34 (compared to 𝜔 = 0) was due to the higher removal obtained due to oscillation.
It can also be seen that doubling the frequency from 6.67 to 11.34 (at amplitudes 4, 6 mm),
EEO decreased only by ~ 6 % and then reached a plateau. Hence, increasing the amplitude
from 4 to 6 and doubling the frequency from 6.67 to 11.34, had a small benefit from energy
efficiency point-of-view.
An extensive review by Miklos et.al (2018) reported EEO (UV/catalyst) between 11.23162.2 kWh/m3/order, with median at ~ 335 kWh/m3/order. This wide range of EEO is
mainly attributed to the combination of operating parameters used, difference in
degradation kinetics of the compounds being treated, background water quality and type
of lamp used. The values obtained in our study (54.9-109.3 kWh/m3/order) falls within the
lower end of the reported range.
For calculating the total operational cost ($/m3), an industrial average electricity rate of
0.04 $/kWh (reported at Natural Resources Canada) was considered. Based on the EEO
calculated, the electricity cost incurred would range between 2.2-4.4 $/m3. This cost is high
in comparison to conventional wastewater treatment (0.17-0.75 $/m3) (Pajares et al., 2019),
which is mainly due to the energy consumed by the UV light. It should be noted however
that this SPMR design was not optimized for light distribution and further improvement in
rate of oxidation/removal of DCF could be achieved by efficient light distribution.
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Furthermore, and despite its higher cost, photocatalysis is beneficial as it can completely
mineralize most of the trace organic contaminants making it suitable for water recycling
purposes and reducing the concentration of micropollutants discharged in surface water,
which is inefficient in conventional primary and secondary treatment employed in
wastewater plants.

Figure 5.7 Effect of oscillation amplitude and frequency on EEO. (The
calculated EEO values represented by the points are connected using a
spline represented by dashed line.

5.5 Conclusion
The performance of a hybrid adsorptive- photocatalytic (APC) oscillatory membrane
reactor was characterized using degradation/ removal of DCF as a model pollutant. The
process intensification effect of the proposed system is achieved through the synergy of the
hybrid photocatalysis-adsorption and membrane separation configuration together with
flow modulation in one unit. Commercial TiO2 nanoparticles were used as photocatalyst,
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while activated carbon integrated with a MF membrane were used as adsorption and
separation media, respectively.
The APC provided higher DCF and TOC removals compared to AC adsorption or
photocatalysis alone confirming the synergy of the hybrid configuration as a PI approach.
Approximately 95 % DCF and ~84 % of TOC were removed in the first two hours
compared to ~ 43% and ~ 34% for photocatalysis, and 56 % and ~ 45 % for AC adsorption
alone in the same time period. The DCF removal was enhanced by a factor of 1.7-2.2 and
TOC removal by a factor of 1.87-2.47 in APC.
Increasing the AC coating density enhanced the DCF removal. The average adsorption
capacity obtained for the AC ranged between 277.5 ± 13.5 mg DCF/g AC. Membrane
oscillation had a positive impact on DCF degradation and reducing the TMP. Combining
membrane oscillation, photocatalysis and AC adsorption resulted in significant
enhancement of the process efficiency. The performance of the system, however declined
over time due to exhaustion of the AC, formation of byproducts, which led to both slurry
browning and agglomeration of the catalyst due to adsorption of byproducts on the TiO2
particles. The operational cost of the process was estimated between ~ 2.2-4.4 $/m3 with
UV light needed for pollutants mineralization being the major energy consumption source.
In conclusion, the smaller footprint of the design combined with the hybrid configuration
and flow modulation is an effective PI approach for tertiary treatment of water for water
recycling.
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Chapter 6
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Fouling Control in a Submerged Membrane Reactor :

Aeration vs Membrane Oscillation
Abstract
Mitigation of membrane fouling in a submerged membrane reactor (SMR) was
investigated using aeration and membrane oscillations. A mathematical model describing
the particle dynamics and the magnitude of the forces acting on a particle/agglomerate near
a membrane surface was developed. Critical particle diameters in different operating
regimes at which membrane fouling can be mitigated were determined. The results
predicted by the model were verified by conducting experiments at various experimental
conditions using both inert glass particles, as well as the photocatalytic degradation of
diclofenac (DCF) using UV 365 nm and TiO2 photocatalyst. The investigation revealed
that membrane oscillation was significantly superior as a fouling mitigation strategy
compared to aeration. For the studied operating parameters, the simulation results showed
that in case of aeration, a lower bound for particle size was estimated as ~ 10 µm, below
which deposition on membrane surface occurs. However, for membrane oscillation, a
much smaller lower bound of ~ 0.1 µm was estimated above which particle deposition can
be prevented, indicating the superiority of oscillation as a membrane fouling mitigation
approach. This was further confirmed by the photocatalytic degradation of DCF using
oscillatory membrane in a submerged photocatalytic membrane reactor (SPMR) where
close to two folds increase in DCF degradation enhancement could be achieved using
membrane oscillation with negligible transmembrane pressure drop (TMP).

122

6.1 Introduction
Integrating membrane separation with other processes has been recognized as a promising
hybrid process intensification (PI) strategy in terms of energy efficiency and lower plant
footprint. Its low cost and energy demand compared to for example centrifugation, its ease
of operation and suitability for temperature-sensitive substances, make membrane
separation prominent for many applications (Merdaw et al., 2010; Bilad et al., 2012).
Different design configurations have been proposed for integrating membrane separation
with other processes. Among these submerged membrane systems have been widely used
in areas such as bio-separation (Chai et al., 2019; Chai et al., 2017; Hwang et al., 2010),
sludge filtration in membrane bio-reactors (MBRs) (Jang et al., 2021; Miura et al., 2007;
Jiang et al., 2021), and photocatalytic treatment of water and wastewater. The latter has
been proven as an effective PI approach where one unit is used for the simultaneous feed
treatment and catalyst separation (Wang et al., 2021; Gupta et al., 2021; Rani et al., 2021).
Despite of the aforementioned advantages, widespread implementation of membrane
processes is still limited due to membrane fouling. In water/wastewater processes in
particular, fouling occurs mainly due to soluble components (Wang and Waite., 2009; Tian
et al., 2013) and colloids particles/ particulates (Loginov et al., 2021; Mu et al., 2021).
Water soluble substances like humic acids (Li et al., 2020; Miao et al., 2018), natural
organic matter (NOMs) (Geluwe et al., 2011), polysaccharides (Meng et al., 2018;
Neemann et al., 2013), bio-polymer (Zheng et al., 2017; Kimura et al., 2017) present in the
water matrix lead to pore blocking, pore narrowing or cake layer formation on the
membrane surface. In case of particulates, membrane fouling is mainly due to deposition
and accumulation of colloidal particles/ particulates like sludge biomass (Zhou et al., 2020;
Zhang et al., 2021), algal cells (Chiou et al., 2010; Babel and Takizawa et al., 2010), or
photocatalyst on the membrane surface (Damodar et al., 2012; Zhu et al., 2017). Membrane
fouling reduces membrane service life and deteriorates the performance of the system due
to decline in membrane permeability, consequently increasing the pumping cost. In
submerged photocatalytic membrane reactor (SPMRs) in particular, in addition to the
decline in membrane permeability, the photocatalytic efficiency also decreases due to the
deposition of photocatalyst on the membrane surface (Gupta et al., 2021).
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Membrane fouling can be mitigated using different approaches including feed pretreatment (Xing et al., 2019; Xing et al., 2019); 2), membrane modification (Ajmani et al.,
2012; Du et al., 2015), electrochemical methods (Wang et al., 2013; Zhou et al., 2015),
and hydrodynamic control of the system operating parameters (Tardieu et al., 1998; Ullah
et al., 2021). Although the latter cannot mitigate fouling due to dissolved organics, it can
be applied to alleviate fouling due to particulates accumulation on the membrane surface.
Among the hydrodynamic approaches used for reducing membrane fouling in submerged
membrane reactors, aeration can induce local shear and turbulence near the membrane
surface and potentially decrease particles deposition on the membrane surface (Chang,
2011; Wang et al., 2021, Choo and Jiang., 2016). To achieve its full potential, however,
use of high aeration rates may be required. This could have some drawbacks as reported
by some investigators where increasing aeration intensity in a MBR had negative effects
on the system performance without significant decrease in membrane fouling (Meng et al.,
2008; Rahimi et al., 2011). Similarly, in photocatalytic membrane systems, particularly
TiO2 based reactions where aeration is beneficial in reducing charge recombination,
increasing aeration rates was found to negatively impact the system photocatalytic
performance, mainly due to scattering of UV light by air bubbles (Chin et al., 2007).
Another hydrodynamic approach that can be applied for reducing membrane fouling is
through dynamic filtration (DF) (Brou et al., 2003; Li et al., 2013). It involves generation
of relative motion between the membrane and the adjacent fluid to induce high shear at
membrane surface which alleviate particle deposition and cake formation. Several DF
techniques have been reported and tested for membrane fouling mitigation including
membrane rotation (Xue et al., 2020), rotating disc system (Sen et al., 2010), and
membrane vibration (Li et al., 2013). The latter was found effective in mitigating
membrane fouling in different applications including microalgae harvesting, SPMR, and
MBR systems. For example, flux decline rate in a 12-hour continuous filtration period was
found to be only ~ 3.6 % when using vibrating membrane, while in case of aeration it was
46 % (Zhao et al., 2019). Similarly, up to three-fold flux enhancement was reported in
microfiltration of yeast suspension in a submerged oscillatory membrane system (Gomaa
et al., 2011). In addition to membrane flux increase, enhancement of micropollutants
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degradation and water polishing in SPMR were also demonstrated using membrane
oscillation (Zhang et al., 2017 , Gupta et al., 2021).
Although it is well established that membrane fouling is directly related to the applied shear
rate at the membrane surface as well as the permeate flow rate, and many parametric studies
have been conducted in this area. However, to the best of our knowledge, analytical studies
and modeling of these relations for aeration and DF oscillatory systems are limited. It is
important to develop an analytical model that can predict the operating conditions (aeration
rate/ oscillation intensity) at which membrane fouling can be effectively mitigated at
various permeate flow rates. This is the main objective of the present study with emphasis
on its relation to submerged photocatalytic membrane reactors applications. To achieve
that, analysis of particle dynamics and the magnitude of the forces acting on a
particle/agglomerate near a membrane surface are determined. Based on the calculated
critical particle diameter values, operating regions were identified where membrane fouling
can be mitigated. The results predicted by the model were verified by conducting
experiments at various operational parameters using both inert glass particles as well as the
photocatalytic degradation of diclofenac (DCF) using an oscillatory membrane submerged
photocatalytic membrane reactor (SPMR) with UV illumination and TiO2 photocatalyst.
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6.2 Theory and Models
The following section describes the forces exerted on a streaming particle near the
membrane surface in presence of: a) aeration; b) membrane oscillation; as shown in figure
6.1.

a)

b)

Figure 6.1 shows a) forces on a catalyst particle in presence of aeration; b) forces on
a catalyst particle in an oscillatory field. The particles under consideration are
considered to be spherical and near the vicinity of the membrane.
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6.2.1 Aeration
A spherical particle with diameter 𝑑𝑝 , streaming from the bulk of the slurry towards the
membrane experiences hydrodynamic forces, namely: Stokes drag force (𝐹𝑠𝑡 ) that
transports the particle towards the membrane, gravity force Fg, buoyancy force Fb, and a
vertical aeration lift force 𝐹𝐴,𝐿𝑖𝑓𝑡 drifting the particle away from the membrane surface
(Figure 6.1a). The drag force on the particle can be calculated using the modified Stokes’s
equation as (Altmann and Ripperger., 1997):
𝐹𝑠𝑡 = 3𝜋𝜇𝑑𝑝 𝐽𝜆(𝜙)

(6.1)

In Eq. 6.1, 𝜆(𝜙) is a correction factor based on volume concentration of the particles in
the slurry system and 𝜇 is the dynamic viscosity of the slurry. The gravity and bouncy
forces are determined using Eqs. 6.2, 6.3 respectively, while the lift force experienced by
the particle is described by Eq. 6.4 (Logan., 1999).

𝐹𝑔 =

𝜋𝑑𝑝3 𝑔𝜌𝑝
6

𝐹𝑏 =

𝜋𝑑𝑝3 𝑔𝜌𝑤𝑎𝑡𝑒𝑟
(6.3)
6

(6.2)

0.5

𝐹𝐴,𝐿𝑖𝑓𝑡

𝜋𝑑𝑝2 𝜌𝑤𝑎𝑡𝑒𝑟 𝑔𝑞𝑎
(
)
=𝛽
8
1.10𝜇

(6.4)

In the aforementioned equations, 𝑔 is the gravitational constant (m/s2), 𝑞𝑎 (m3/m2-s) the
aeration rate, 𝜌𝑝 , 𝜌𝑤𝑎𝑡𝑒𝑟 the density of particle and water (kg/m3), respectively, and the
constant 𝛽 = 𝜇𝐶𝑑 , where 𝐶𝑑 is the co-efficient of lift force. Based on the forces acting on
a streaming particle (Figure 6.1a), a net force 𝐹𝑛𝑒𝑡 can be defined along the 𝑥 and 𝑦 axes,
as:
𝐹𝑥,𝑛𝑒𝑡 = 3𝜋𝜇𝑑𝑝 𝐽𝜆(𝜙) (6.5)

𝐹𝑦,𝑛𝑒𝑡

𝜋𝑑𝑝3 𝑔𝜌𝑤𝑎𝑡𝑒𝑟
𝜋𝑑𝑝2 𝜌𝑤𝑎𝑡𝑒𝑟 𝑔𝑞𝑎
(
)
=(
+𝛽
6
8
1.10𝜇
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0.5

𝜋𝑑𝑝3 𝑔𝜌𝑝
)−
(6.6)
6

6.2.2 Oscillation
6.2.2.1 Flow near oscillatory surface
The oscillatory velocity for a flat surface oscillating with an amplitude 𝑎 (𝑚), and
oscillation frequency 𝜔 (s-1), is given by:
𝑢 = 𝑢𝑜 cos 𝜔𝑡

(6.7)

Where, 𝑢𝑜 (m/s) is the maximum velocity (𝑢0 = 𝑎𝜔). Assuming the y-axis is the direction
of oscillation and 𝑢′ (m/s) the fluid velocity parallel to the surface, the simplified NavierStokes equation gives,
𝜕𝑢′
𝜕 2 𝑢′
=𝜗
𝜕𝑡
𝜕𝑦 2

(6.8)

Boundary condition applied to equation 6.8 is,
𝑢 = 𝑢0 cos 𝜔𝑡 at y=0 (6.9)
Solution of Equation (6.8) and (6.9) is given by (Schlichting, 1979):
𝑢′ = 𝑢0 𝑒 −𝜂 cos(𝜔𝑡 − 𝜂)

(6.10)

the relative velocity u between the surface and adjacent fluid is then given by,
𝑢′′ = 𝑢𝑜 (cos 𝜔𝑡 − 𝑒 −𝜂 cos(𝜔𝑡 − 𝜂))

(6.11)

Where
𝜔
2𝜗

𝜂 = 𝑦√

(6.12)

In which 𝜗 is the kinematic viscosity of water (m2.s-1). The shear stress 𝜏 on the surface
can be calculated using,
𝜕𝑢′′
𝜏=𝜇 (
)
𝜕𝑦 𝑦=0
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(6.13)

𝜏 = 𝑎𝜔1.5 𝜌𝑤𝑎𝑡𝑒𝑟 0.5 𝜇0.5 (6.14)
It can be concluded from Eq. 6.14 that oscillation frequency has a more profound impact
on membrane shear than oscillation amplitude.

6.2.2.2 Force on a sphere in oscillatory flow field
For an incompressible fluid flow around a solid sphere fluid, the sphere experiences a
tangential drag force and normal pressure force (Figure 6.1b). The pressure and shear stress
distribution in spherical coordinates are given by (Bird et al., 1960):
𝜏𝑟𝜃 =

3 𝜇𝑢′′ 𝑟 4
( ) 𝑠𝑖𝑛𝜃
2 𝑅 𝑅

𝑝𝑛 = −

(6.15)

3 𝜇𝑢′′ 𝑟 4
( ) 𝑐𝑜𝑠𝜃 (6.16)
2 𝑅 𝑅

The normal and tangential force acting on the surface of the sphere can be calculated as
following:
∅=2𝜋 𝜃=𝜋

𝐹𝑛 = ∫
∅=0

∫ (𝑝𝑛,𝑟=𝑅 𝑐𝑜𝑠𝜃)𝑅 2 𝑠𝑖𝑛𝜃𝑑𝜃𝑑∅

(6.17)

𝜃=0

∅=2𝜋 𝜃=𝜋

𝐹𝜏 = ∫
∅=0

∫ (𝜏𝑟𝜃,𝑟=𝑅 𝑠𝑖𝑛𝜃)𝑅 2 𝑠𝑖𝑛𝜃𝑑𝜃𝑑∅

(6.18)

𝜃=0

Performing the integration and using value of 𝑢′′, the total drag force 𝐹𝑑 on the sphere is
given by:
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𝑑𝑝2
𝐹𝑑 = 𝐹𝑛 + 𝐹𝜏 = 3𝜋𝑘𝑠 𝜏
4

(6.19)

Where 𝑘𝑠 is the Goldberg correction factor for a sphere moving parallel to a solid wall i.e.
1.7. For an reversing oscillatory flow 𝐹𝑖𝑛 can be calculated using mass and acceleration
and time-averaging as shown below:
𝜋

𝐹𝑖𝑛,𝑎𝑣𝑔

𝜋

2𝜔 2𝜔
2𝜔 2𝜔 𝑑𝑝3 𝜕𝑢
=
∫ 𝐹𝑖𝑛 𝑑𝑡 =
∫ 𝜋 𝜌𝑝
𝑑𝑡
𝜋 0
𝜋 0
6
𝜕𝑡
𝐹𝑖𝑛,𝑎𝑣𝑔 =

(6.20)

𝜌𝑝 3 2
𝑑 𝑎𝜔 (6.21)
3 𝑝

In case of membrane oscillations, and similar to the section 6.2.1 (aeration), a net force on
the particle 𝐹𝑛𝑒𝑡,𝑜𝑠𝑐 can also be defined along the 𝑥 and 𝑦 axes, as:
𝐹𝑥,𝑛𝑒𝑡,𝑜𝑠𝑐 = 3𝜋𝜇𝑑𝑝 𝐽𝜆(𝜙)

𝐹𝑦,𝑛𝑒𝑡,𝑜𝑠𝑐

(6.22)

𝜋𝑑𝑝3 𝑔𝜌𝑤𝑎𝑡𝑒𝑟 𝜌𝑝 3 2
𝜋𝑑𝑝3 𝑔𝜌𝑝
2
=(
+ 𝑑𝑝 𝑎𝜔 + 3𝜋𝑘𝑠 𝜏 𝑅 ) −
(6.23)
6
3
6

6.2.3 Forces on Deposited Particles
According to the DLVO theory, the net force between colloidal particles is a sum of the
electrical double-layer (EDL) repulsion force (𝐹𝐸𝐷𝐿 ) and the Van der Waals attractive force
𝐹𝑉𝐷𝑊 (Li and Sun., 2011; Kalantariasl and Bedrikovetsky., 2014). In this study, since no
additional ions are present in the milli-Q water matrix, 𝐹𝐸𝐷𝐿 = 0. Hence, it can be assumed
that the particles deposited on the membrane surface experience an attractive strong Van
Der Waals (VDW) force. The magnitude of the latter is given as:

𝐹𝑉𝐷𝑊 =

𝐴121 𝑑𝑝6
2

6𝑠 2 (𝑠 + 2𝑑𝑝 ) (𝑠 + 𝑑𝑝 )
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3 … … … . (6.24)

In equation 6.24, 𝐴121 (1×10-20 J) is the Hamaker’s constant (Chinju et al., 2000) of glass
microspheres and 𝑠 is the minimum separation distance between two glass microspheres
particles and was calculated using Eq. 6.25.
𝜕𝐹𝑉𝐷𝑊
= 0 … … … . (6.25)
𝜕𝑠

6.2.4 Modelling and Simulation Condition
A set of values were calculated in order to compute the magnitude of the forces in the
aforementioned sections. Stokes drag correction factor 𝜆(𝜙0 ) for mono-disperse particle
was calculated using (Brinkman., 1949):

𝜆(𝜙0 ) =

4 + 3𝜙0 + 3√8𝜙0 − 3𝜙0
(2 − 3𝜙0 )2

(6.26)

In which 𝜙0 is the % particles volume concentration is given as,
𝑀𝑝
𝜌𝑝
𝜙0 =
… … … … … (6.27)
𝑀𝑝 𝑀𝑊𝑎𝑡𝑒𝑟
+
𝜌𝑝
𝜌𝑊𝑎𝑡𝑒𝑟
In this work, glass microspheres with density (𝜌𝑝 ) 2100 kg/m3 were used. The
concentration of the glass microspheres in the slurry was 1 g/L and kept constant
throughout the study. The value of 𝜙0 , 𝜆(𝜙0 ) were calculated to be 0.019 % and 1.39,
respectively. The value of 𝜙0 indicates that the slurry is dilute and hence the viscosity was
taken as that of water (10-3 Pa.s).The co-efficient of lift force ( 𝐶𝑑 ) was calculated using
(Logan., 1999),
𝐶𝑑 =

24
3
+
+ 0.34 … … … (6.28)
𝑅𝑒 √𝑅𝑒
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where Re is the Reynolds numbers. Table 6.1 shows the variation of 𝐶𝑑 with the airflow
rate while Table 6.2 gives summary of the coefficients and parameters used in modelling
and simulation.
Table 6.1 Cd values at different Re
Airflow Rate

𝑞𝑎

𝑅𝑒

𝐶𝑑

(LPM)

(m3/m2-s)

0.5

2.59 × 10-3

362.6

0.56

1.0

5.17 × 10-3

723.8

0.48

2.0

0.01

1447.6

0.44

4.0

0.02

2895.2

0.40

Table 6.2 Values of the parameters used in simulation
Symbol

Meaning

Value

Unit

𝑨𝟏𝟐𝟏

Hamaker’s constant

10-20

J

𝒈

acceleration due to gravity

9.81

m/s2

𝑱

membrane flux

0.156-0.364

m3/m2-s

𝒌𝒔

Goldberg constant

1.7

-

𝒔

minimum separation distance

0.4

m

𝝆𝒑

density of particle

2100

kg/m3

𝝆𝒘𝒂𝒕𝒆𝒓

density of water

1000

kg/m3

𝝓𝟎

% volume concentration of particles in the
system

0.019

-

𝝀(𝝓)

stokes drag correction factor

0.139

-
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𝝁

viscosity of slurry

10-3

Pa

𝝑

Kinematic viscosity of slurry

10-6

m2/s

6.3 Material and Methods
6.3.1 Materials
Microfiltration (MF) PVDF flat sheet membranes (Microdyn Nadir; pore size-0.22 µm)
were purchased from Sterlitech Corporation, USA. The use of a MF compared to UF
(ultrafiltration) or NF (nanofiltration) membranes is based on lower material cost as well
as reduced pumping energy. For filtration experiments, glass microspheres with particle
diameter 2.5, 6, 9.7, 10-20 and 20-33 µm were used. For the photocatalytic reaction
experiments, TiO2 (21 nm, product #718467) was purchased from Sigma Aldrich, Canada.
Diclofenac sodium salt (DCF) was used as model micropollutant and purchased from
Sigma Aldrich. Milli-Q water (pH-6.2; 18.2 Ω; Millipore Water Systems, USA) was used
for all experiments.

6.3.2 Experimental Setup
A submerged membrane reactor was operated to characterize membrane fouling of glass
microspheres under various operating conditions. The experimental setup comprised of a
rectangular plexiglass cell (26.2 cm x 14 cm x 2.3 cm). The cell houses an aluminum
membrane module (14.7 cm x 6 cm x 1.4 cm) that holds two 0.22-micron PVDF (47 mm)
circular flat sheet membrane. The system can be aerated using the sparger placed at the
bottom of the reactor. The module was oscillated at variable amplitude and frequencies
using an adjustable eccentric driven by a variable speed motor. The module and rectangular
cell were connected to a separate peristaltic pump (Masterflex L/S-7518-60) driven by a
variable speed motor for withdrawing the permeate. The system was operated in semibatch mode as shown in Figure 6.2. The photocatalytic degradation experiments of DCF
were conducted using the same experimental setup in a continuous mode with TiO2
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photocatalyst and UV illumination. Photocatalytic experiment details are described in
chapter 3

6.3.3 Methodology

Figure 6.2 Schematic of a Submerged photocatalytic oscillatory membrane reactor
setup operating in recycle mode. Glass beads of different size were used as model
particle for membrane fouling analysis and peristaltic pump was used to withdraw
permeate.
In order to characterize membrane fouling in the filtration experiments, a batch slurry of
the glass microspheres of concentration 1 g/L was prepared before the experiments and
stirred for 2 hours using a magnetic stirrer. The slurry was subsequently sonicated for 1
hour and then transferred the reactor. In the reactor, and based on the operating conditions,
the slurry was either aerated or mixed further using membrane oscillation for 15-20
minutes. Following that, filtration experiment was started by switching on the peristaltic
pump. New membranes were used for every experiment. The membrane fouling was
characterized by measuring the concentration of the glass microsphere in the slurry
overtime. This was done by taking samples from the reactor in 10 mL aliquots at regular
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time intervals. The samples were filtered using 2.5 µm glass microfiber filter, then dried at
105 °C overnight and weighed.
For the photocatalytic experiments, the percentage removal of DCF from the reactor was
analyzed using a UV-VIS-NIR spectrophotometer (Shimadzu UV-3600) 276 nm
wavelength. Membrane fouling was characterized by measuring the transmembrane
pressure drop (TMP) for each experiment (Gupta et al., 2021).

6.4 Results and Discussion
6.4.1 effect of aeration
In photocatalytic membrane systems, aeration can serve dual purposes. Besides its potential
advantage in preventing electron-hole pair recombination (Li et al., 2014), aeration can
also induce local turbulence and shear stress near the membrane surface promoting
transport of catalyst back into the system and minimizing membrane fouling (Chang,
2011). However, for fouling alleviation, aeration rate is predominately dependent on
permeate flow rate. At higher permeate flow, increased aeration rates are required. This
not only leads to increased cost of operation, but larger systems are also required, primarily
due to higher gas holdup.
Figure 6.3. compares the magnitude of net force (𝐹𝑥,𝑛𝑒𝑡 𝑎𝑛𝑑 𝐹𝑦,𝑛𝑒𝑡 ) experienced by
particle with diameter of particle (𝑑𝑝 ). The magnitude of net force 𝐹𝑥,𝑛𝑒𝑡 was computed at
different permeate flow rates (6-21 mL/min) using Eq.6.5. Similarly, magnitude of net
force 𝐹𝑦,𝑛𝑒𝑡 was computed at different aeration rates (0.5-4 LPM) using Eq.6.6. The value
of 𝑑𝑝 was varied from 25 nm to 30 µm. The magnitude of 𝐹𝑥,𝑛𝑒𝑡 for the studied 𝑑𝑝 values
ranged between 3.85 × 10-15 – 4.05 × 10-11 N and 𝐹𝑦,𝑛𝑒𝑡 ranged between 1.11 × 10-17 - 1.26
× 10-10 N.
As seen in Figure 6.3a, with 𝑑𝑝 < 10 µ𝑚, 𝐹𝑥,𝑛𝑒𝑡 > 𝐹𝑦,𝑛𝑒𝑡 . Below 10 µm, the magnitude
of 𝐹𝑥,𝑛𝑒𝑡 is at least 10 times higher than 𝐹𝑦,𝑛𝑒𝑡 . Hence, it is reasonable to say that under
the studied operating parameters, particle below 10 µm will experience a higher Stokes
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drag force and will be deposited on the membrane and aeration will not be effective in
controlling membrane fouling. Figure 6.3b. compares the magnitude of force with 𝑑𝑝 >
10 µ𝑚. In region above 10 µ𝑚, for a given permeate flow and aeration rate, there exists a
critical value of particle diameter 𝑑𝑝,𝑐𝑟 , as seen in Figure 6.3b. 𝑑𝑝,𝑐𝑟 marks the transition
point at which 𝐹𝑥,𝑛𝑒𝑡 = 𝐹𝑦,𝑛𝑒𝑡 and above the critical diameter 𝐹𝑥,𝑛𝑒𝑡 < 𝐹𝑦,𝑛𝑒𝑡 . Hence, it can
be concluded that particle with diameter greater than 𝑑𝑝,𝑐𝑟 will re-circulate within the slurry
and not deposit on the membrane.
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Figure 6.3 a) shows variation of 𝑭𝒙,𝒏𝒆𝒕 (stripped lines) and 𝑭𝒚,𝒏𝒆𝒕 (solid line) with
particle diameter 𝒅𝒑 . Magnitudes/absolute values 𝑭𝒙,𝒏𝒆𝒕 were computed using
equation 6. 5 (at different permeate flow rates) and 𝑭𝒚,𝒏𝒆𝒕 at different aeration rate
using equation 6.6; b) shows a zoomed in section of Figure 5.3a.
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Figure 6.4 Variation of 𝒅𝒑,𝒄𝒓 with aeration rate and permeate flow rate.

Figure 6.4. summarizes the variation of 𝑑𝑝,𝑐𝑟 with aeration and permeate flow rates. The
critical diameter increases with an increase in permeate flow. Intuitively, such a strong
dependence of 𝑑𝑝,𝑐𝑟 on permeate flow rate is expected. At higher flow rates, particle
experience a strong drag force (𝐹𝑠𝑡 ), hence higher diameter will also get deposited on the
membrane.

6.4.2 effect of oscillation
In comparison to the aeration, wherein, the membrane shear is induced by aerating the
entire slurry; fouling alleviation in case of an oscillatory membrane is achieved by
generation of an oscillatory field in the vicinity the membrane surface. In such approach,
the maximum energy dissipation is focused near the membrane surface rather than the bulk
of the fluid as in case of aeration (Gomaa et al., 2011). In addition to being energy efficient,
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oscillating the membrane at higher frequencies and amplitudes can induce significantly
high membrane shear rate at the surface, which reduces particles deposition on the
membrane. Furthermore, development of eddy flow, particularly at shear reversal and
breakup of microscale eddies near the membrane surface can further supplement membrane
cleaning (Zhao et al., 2021). Zhao found that at 6 mm amplitude and frequency <7 Hz, the
boundary layer was predominantly laminar and >7 Hz turbulence was induced leading to
secondary flows and better cleaning of the membrane.
Figure 6.5. compares the magnitude of net force (𝐹𝑥,𝑛𝑒𝑡,𝑜𝑠𝑐 𝑎𝑛𝑑 𝐹𝑦,𝑛𝑒𝑡,𝑜𝑠𝑐 ) experienced by
particle with diameter (𝑑𝑝 ). Only Stokes drag force transports particle towards, hence
𝐹𝑥,𝑛𝑒𝑡,𝑜𝑠𝑐 = 𝐹𝑥,𝑛𝑒𝑡 and the 𝐹𝑦,𝑛𝑒𝑡,𝑜𝑠𝑐 ranged between 3.58 × 10-17 - 4.05 × 10-9 N. It can be
seen from Figure 6.5 and the data presented in Table 6.3., that at low oscillating amplitude
(2 mm) and frequency (5 Hz) the effect of oscillation is not significant and 𝑑𝑝,𝑐𝑟 is nearly
similar to the values obtained in aeration. In addition to the low shear rates at lower
oscillating amplitude and frequencies, it is also possible that the effect the secondary flows
(eddies) that develop at shear reversal is not felt on the membrane. In such a case, viscosity
effect dominates the entire velocity profile and the flow behaves similar to that of a smooth
surface. However, on increasing the amplitude and oscillation frequency (Table 6.3), the
effect of oscillation is quite significant. For instance, at a specific permeate flowrate and
oscillating amplitude 2 mm, on doubling the frequency from 5 Hz to 10 Hz, the computed
𝑑𝑝,𝑐𝑟 values declined from 19.5-25.4 µm to 2.55-6.15 µm. This means that oscillation
frequency has more profound impact on fouling alleviation than amplitude, which is in
accordance with the Eq.6.19 and Eq.6.21. The cleaning effect is even more pronounce at
higher amplitudes and frequencies, wherein particles/aggregates with 𝑑𝑝 > 100 nm can be
prevented from depositing on the membrane. This means, in a submerged photocatalytic
membrane system using nano-catalyst, oscillation will outperform aeration as a fouling
mitigation strategy and as a viable process-intensification (PI) approach.
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a)

b)

Figure 6.5 shows variation of 𝑭𝒙,𝒏𝒆𝒕,𝒐𝒔𝒄 (stripped lines) and 𝑭𝒚,𝒏𝒆𝒕,𝒐𝒔𝒄 (solid line) with
particle diameter 𝒅𝒑 . Magnitudes/absolute values 𝑭𝒙,𝒏𝒆𝒕,𝒐𝒔𝒄 were computed at different
permeate flow rates using equation 6.22 and 𝑭𝒚,𝒏𝒆𝒕 at different oscillation intensities using
equation 6.23.( In Figure 6.5a amplitude was 2 mm and figure 6.5b the same was 20 mm)
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Table 6.3 Variation of 𝒅𝒑,𝒄𝒓 with oscillation intensity and permeate flow rate

Permeate Flow Rate
Amplitude

Frequency

(mL/min)
6

(mm)

9

15

21

(Hz)
𝑑𝑝,𝑐𝑟 (µm)

2 mm

6 mm

10 mm

20 mm

5

19.5

21.9

23.3

25.4

10

2.55

2.35

4.15

6.15

15

0.84

1.25

2.10

2.95

5

1.45

2.3

3.9

5.8

10

0.5

0.75

1.29

1.8

15

0.27

0.42

0.7

0.98

5

0.85

1.25

2.2

3.12

10

0.30

0.46

0.76

1.08

15

0.17

0.25

0.40

0.57

5

0.44

0.65

1.1

1.52

10

0.15

0.23

0.39

0.55

15

0.08

0.13

0.21

0.29
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6.4.3 Model Validation
6.4.3.1 Microfiltration Experiments
Particle Size: variation of the glass particles concentration with time was used as an
indicator of particle’s deposition on the membrane surface such that rapid decline in
particle concentration indicates faster deposition rate. According to the model prediction,
for a particular operating conditions, particle deposition occurs when the particle size is
smaller than the critical value dp,cr for those conditions. This is shown in Fig. 6.6 for both
aeration and oscillation. As can be seen, a relatively fast decline in particles concentration
is observed for almost all experiments in case of aeration (Fig. 6.6a) which is consistent
with the estimated low dp/dp,cr values. Similar results can also be seen in Fig. 6.6b for the
case of oscillation. The difference here is that a near complete particle suspension with
minor membrane deposition could be achieved. The latter occurred for dp/dp,cr > 1
consistent with the model prediction. For example, at 15 mL/min permeate flow rate, using
oscillation frequency (𝜔) 11.34 Hz and amplitude 6 mm, 2.5 µm particle were almost
prevented from depositing on the membrane. This was not possible in case of aeration.
Such observation would indicate that oscillation can be more effective in controlling
membrane fouling compared to aeration. This is further confirmed from the microscopic
analysis of the slurry samples shown in Figure 6.7 for both aeration and oscillation where
it can be clearly seen that a significantly higher particles are present in case of membrane
oscillation compared to that in case of aeration. Wang et al. (2021) while analyzing the
fouling behavior of sludge biomass for particle size range 5-50 µm obtained similar results,
wherein membrane oscillation performed better then aeration. In their study, fouling rate
in case of aeration (60 kPa/day) was significantly higher than that of membrane oscillation
(15 kPa/day) (Wang et al., 2021). In another investigation by Zhao et al., analyzing the
filtration of 2 µm Chlorella pyrenoidosa algae cells, an almost zero kPa TMP was recorded
on oscillating the membrane at high frequencies (10 Hz), which is similar to the results of
the study by (Zhao et al., 2016). The authors also concluded that fouling couldn’t be
mitigated on oscillating the membrane at 5 Hz, which is similar to the results shown in
Figure 6.6b.
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Figure 6.6 Variation of glass microsphere concentration in slurry with time in presence of: a)
aeration; b) membrane oscillation. (graph legends describe the parameters of operation and
𝒅𝒑 of the size of glass microspheres used for experiment. At 𝒅𝒑 /𝒅𝒑,𝒄𝒓 < 𝟏, Stokes drag is higher
than the vertical shear forces and particles will deposit on membrane; Experimental data
points are connected using a spline represented by dashed lines; All experiments were
conducted in duplicates and average is reported).
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a)

b)

Figure 6.7 Microscopic analysis of glass microsphere slurry (5X optical
magnification) obtained after: a) aeration experiment; b) oscillation
experiment; (a-aeration experiment parameters: 9 mL/min, 1 LPM, 𝒅𝒑 - 9.7
µm; b-Oscillation experiment parameters: 9 mL/min, 6 mm, 8 Hz, 𝒅𝒑 - 6 µm)

Forces on deposited particles: With respect to particles deposited on the membrane,
except for the Stokes drag force 𝐹𝑠𝑡 acting on the particles in direction of filtrate flow, an
additional adhesive force 𝐹𝑣𝑑𝑤 exists between the deposited particles and the membrane
surface (Figure 6.8). The magnitude of 𝐹𝑣𝑑𝑤 between particle and contact surface is
maximum at a minimum separation distance ‘s’ which is determined using Eq. 6.25 as 0.4
nm.

144

Figure 6.8 depicts the particle-particle and surface-particle Van Der
Waals (𝑭𝒗𝒅𝒘 ) force of attraction. ‘𝒔’ is the separation distance between
the surface.

The calculated value of 𝐹𝑣𝑑𝑤 at various particle diameter is shown in Figure 6.9. For
particle size in the range 25 nm-30 µm, the magnitude of 𝐹𝑣𝑑𝑤 ranged between
5.21 × 10-11 - 7.81 × 10-8 N. The magnitude of 𝐹𝑦,𝑛𝑒𝑡 in case of aeration and 𝐹𝑦,𝑛𝑒𝑡,𝑜𝑠𝑐 for
oscillation varies between 1.11 × 10-17 - 1.26 × 10-10 N and 3.58 × 10-17 - 4.05 × 10-9 N, as
shown in Figures 6.3 and 6.5, respectively. The drag force 𝐹𝑠𝑡 doesn’t need to be analyzed
since it supplements particle deposition on the membrane. It can be concluded from the
magnitude of the forces that for the range of variables investigated, 𝐹𝑣𝑑𝑤 is 101-106 times
higher than 𝐹𝑦,𝑛𝑒𝑡 and 𝐹𝑦,𝑛𝑒𝑡,𝑜𝑠𝑐 , which indicates that deposited particles on the membrane
can’t be removed by aeration/ oscillation shear. This can be supported by the data in Figure
6.6 wherein slurry concentration declined overtime and a cake layer of glass microspheres
was observed on the membrane.
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Figure 6.9 Magnitude of Van der Waals (VDW) force between particles of diameter 𝒅𝒑
deposited on the membrane. The values of Fvdw are calculated using equation 6.24.

6.4.3.2 DCF Photocatalytic Degradation Experiments
Submerged photocatalytic membrane reactor (SPMR) employing nano-catalyst such as
TiO2 and ZnO have been widely reported in literature for water/wastewater treatment
(Mamun et al., 2019; Ong et al., 2018). The photocatalyst in these systems is generally
present in an aggregated form and size of the aggregates can range between nm-µm (Li et
al., 2010; Yaremko et al., 2006; French et al., 2009). At low shear rates, the aggregates will
foul the membrane overtime, which not only reduces the system photocatalytic efficiency
but also increases the pumping energy requirements. In these cases, employing membrane
oscillation can have substantial advantages. Among those is mitigating particle deposition
on the membrane surface as mentioned before particularly at high oscillation frequencies.
This reduces the TMP and enhances both membrane cleaning as well as the system
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photocatalytic efficiency by keeping the catalyst in the slurry. Furthermore, the energy
dissipated to the fluid as result of membrane oscillation can also reduce catalyst
agglomeration which increases its active surface area and improve the system
photocatalytic performance.
In our investigation of photocatalytic degradation of DCF using TiO2 in an oscillatory
membrane SPMR, the transmembrane pressure drop (TMP) was used as an indicator of
particle deposition on the membrane. The overall reactor performance was also assessed
and represented in terms of a degradation enhancement factor ξ defined as,
𝜉=

(% 𝐷𝐶𝐹 𝑟𝑒𝑚𝑜𝑣𝑎𝑙)𝑤𝑖𝑡ℎ 𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑖𝑜𝑛
(% 𝐷𝐶𝐹 𝑟𝑒𝑚𝑜𝑣𝑎𝑙)𝑛𝑜 𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑖𝑜𝑛

(6.29)

Figure. 6.10 shows the effect of membrane oscillations on the enhancement factor 𝜉 and
∆P across the membrane. As can be seen oscillations had significant impact on the SPMR
performance. Increasing the frequency from 0-11.34 Hz, enhanced the photocatalytic
removal of DCF by 1.5~1.7 times. Its effect on the TMP was also significant as shown in
Fig. 6.10b where ∆P decreased from 55 to ~ 0 kPa indicating an almost clean membrane
and maximum catalyst suspension. The enhancement in the reactor photocatalytic
efficiency at higher oscillations can intuitively be related to the presence of more catalyst
fraction in the slurry.
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a)

b)

Figure 6.10 Effect of oscillations: on a) ξ and b) ∆P. (Amplitude of oscillations
was kept constant at 2mm and 6 mm; Experimental data points are connected
using a spline represented by dashed lines; All experiments were conducted in
duplicates and average is reported)
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6.5 Conclusion
The effectiveness of aeration and membrane oscillation as a fouling mitigation strategy in
submerged membrane reactors (SMR) were compared. The forces on a particle (25 nm 30 µm) were computed and the force profiles were developed to study the particle
dynamics. The magnitude of the drag force (𝐹𝑥,𝑛𝑒𝑡 ) on the particles ranged between 3.85 ×
10-15 – 4.05 × 10-11 N. The magnitude of net vertical force in case of aeration (𝐹𝑦,𝑛𝑒𝑡 ) and
oscillations (𝐹𝑦,𝑛𝑒𝑡,𝑜𝑠𝑐 ) ranged between 1.11 × 10-17 - 1.26 × 10-10 N and 3.58 × 10-17 - 4.05
× 10-9 N, respectively. Particle dynamics study predicted that membrane oscillation was
more effective in preventing membrane fouling compared to aeration. The prediction
agreed with the experimental results wherein glass microspheres < 10µm were deposited
on the membrane in case of aeration. However, in membrane oscillation experiments,
particles with diameter ≥ 100 nm could be prevented from deposition on the membrane,
which represents the superior performance of membrane oscillations in fouling alleviation.
This was further confirmed in the photocatalytic degradation of DCF using oscillatory
membrane SPMR where oscillation resulted in an almost negligible TMP and close to 2
folds increase in degradation of DCF. The presented approach can be useful in predicting
the oscillation/ aeration conditions in a SPMR/MBR wherein poly-disperse particles are
responsible for membrane fouling.
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Chapter 7
7

Conclusion and Recommendations.

The detailed summary of the conclusions pertinent to every study (Chapter 4-6) is included
within the chapter. A brief summary of the work conducted in every study and the major
conclusions are mentioned below.

7.1 Conclusions
This PhD thesis is an in-depth study on the performance of a Submerged Photocatalytic
Oscillatory Membrane Reactor (SPOMR) for effluent water polishing with an ultimate
goal to recycle water.
The first phase of the research (Chapter 4) aimed at analyzing the performance of a SPOMR
at different HRTs (9 and 21 mL/min), aeration rate (0-1 LPM), oscillation amplitude (2-20
mm) and oscillation frequency (1.33-4.67 Hz) using Central Composite Design (CCD) and
response surface analysis. Antipyrine was used as the model pollutant. The optimum
conditions for reactor operation were determined using multi-response optimization and
performance of the reactor was determined in presence other background organics in water.
Summary of the major findings pertinent to the first phase of research are as follow:
•

The optimum TiO2 concentration for reactor operation was found to be 0.67 g/L and
optimum aeration rate (in case of no membrane oscillation) was found to 0.5 LPM.

•

At 9 mL/min with Milli-Q water as background water matrix, removal of
micropollutants followed the order of sulfamethoxazole (90%) > hydrochlorothiazide
(89%) > diclofenac (87%) > antipyrine (68%). The removals were lower by 15-30 %
at 21 mL/min. The % flux decline ranged between -4.62- 22.88 %.

•

Presence of humic acid in water significantly inhibited the photocatalytic removal of
micropollutants (<30 %). This was attributed to instantaneous adsorption of humic acid
on TiO2 leading to a decline in the catalytic performance of TiO2.
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•

In addition to the catalyst, humic acids also fouled the membrane. The fouling was
slightly higher in case of humic acids and the membrane flux decline ranged between
0.22-29.64 %.

•

In case of secondary wastewater effluent as the background water matrix, the effect on
the photocatalytic efficiency of the system was not as drastic as in case of humic acid.

In the subsequent phase (Chapter 5) of the research, the performance of SPOMR was
further enhanced by adding AC as a third intensification layer. Individual effect of AC
adsorption, photocatalysis (with membrane oscillation), and their combined effect was
quantified in a novel APC (adsorptive-photocatalytic) configuration. Diclofenac (DCF)
was used a model compound.
A summary of the major findings pertinent to the second phase of research are as follow:
•

Adsorption of DCF on AC was studied at various coating densities (0-23.04 mg/cm2).
Adsorption behavior was analyzed using dynamic adsorption models: Adam-Bohart,
Yoon-Nelson and Thomas model.

•

On increasing the amplitude and frequency of membrane oscillation, ΔP decreased
from 55 kPa to ~ 0 kPa and % DCF removal was enhanced by ~ 1.6-1.7.

•

The APC provided higher DCF and TOC removals compared to AC adsorption or
photocatalysis alone.

•

The performance of APC decline overtime and was attributed to increased opacity of
slurry, adsorption of by-products on TiO2 and agglomeration of slurry. DCF
degradation mechanism was postulated.

•

The EEO values of the process were between ~ 55-109 kWh/m3/order and operational
electricity cost was estimated between ~ 2.2-4.4 $/m3 with UV light being major energy
consumption source.
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In the final phase of the study (chapter 6), a model was developed to analyze the particle
dynamics in a SPMR at various aeration rates and oscillation intensities. The experimental
results were validated with the experimental results.
Summary of the major findings pertinent to the final phase of research are as follow:
•

Membrane oscillations were significantly superior to aeration in alleviating membrane
fouling.

•

The model can effectively predict the operating conditions for the reactor at which
membrane fouling can be prevented and the same was verified experimentally.

•

DLVO analysis showed that, within the operating conditions investigated, particles
deposited on the membrane can’t be removed using aeration/oscillation.

7.2 Recommendations
This thesis successfully demonstrated the effectiveness of the SPOMR as an effectiveness
technology for tertiary treatment of water. However, in order to scale-up the technology,
the following recommendation are made:
•

The SPOMR needs to be mechanically optimized to make the operation of the system
easier. This may include use of lighter membrane modules such as Teflon/ any other
polymeric material, UV-LEDs and appropriately designed spring system operating
close to it resonant frequency which reduces the overall energy consumption.

•

In order to fully understand the applicability of SPOMRs, further studies need to be
conducted to evaluate the treatability of different wastewaters (industrial etc.) using the
system and design an appropriate cost-effective upstream pre-treatment train, if
required.
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•

Computational Fluid Dynamics (CFD) studies need to be conducted to fully understand
the flow developed around the oscillatory membrane at various oscillation intensities
and hence understand the various cleaning mechanisms involved. This can help in
designing a membrane module wherein the surface shear can be maximized.

•

More in-depth studies are required to fully understand the catalyst aggregation and UV
light distribution in the catalytic system.
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Appendices
Appendix A: Supplementary information for Chapter 5

Table A. 1 List of numerical value used in calculations chapter 5
Definition

Value/s used

Units

𝑎

oscillation amplitude

0.002-0.006

m

𝐴𝑚𝑒𝑚

total area of the membrane (m2)

0.015

m2

𝐶0

Influent DCF concentration

4.0

mg/L

𝐹

linear flow velocity

0.264

m/h

𝑔

gravitational constant

9.8

m/s2

𝐽

flux across the membrane

264±1.76

L/m2-h

𝑚

mass of oscillating module

0.63

kg

𝑊

mass of AC used

0.2-0.8

g

𝜌𝐴𝐶

density of the activated carbon

2000

kg/m3

𝜌𝑙𝑖𝑞

density of the slurry

1000

kg/m3

𝜌𝑠𝑜𝑙𝑖𝑑

density of membrane module

2700

kg/m3

𝜏𝑅

reactor residence time

39.17

min

𝜔

oscillating frequency

0-11.34

s-1

0.5
𝜗25℃

kinematic viscosity of slurry

0.9 × 10-6

m2/s

Symbol
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Figure A.1 TiO2 slurry after 100 hours of photocatalysis + AC
experiment

Figure A.2 Optical microscope (10X magnification) images of slurry after: a) dark reaction;
b) photocatalytic experiment
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Figure A. 3 Comparison of slurries after 48 hours of settling test wherein: a) is the
slurry from 24 hours dark reaction (barely settled); b) is the slurry from 100 hours
of photocatalytic + AC experiment (settled within 6 hours)
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a)

b)

Figure A. 4 DCF degradation byproducts ESI-MS spectrum in: a) Negative Mode [MS-]; b)
Positive Mode [MS+]
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